Remarks/Argu men t 

This paper is being filed in response to the Office Action mailed September 8, 2004, and 
is being submitted along with a Request for Continued Examination (RCE). Per the petition and 
fee submitted herewith, the Applicants have extended the time for responding by three months, 
to March 8, 2005. The fee for the Request for Continued Examination is also submitted 
herewith. The Commissioner is hereby authorized to charge any additional fees required for 
filing of this paper or the RCE, or credit any overpayments, to deposit account no. 50-2719. 

Claim 1 has been amended to indicate that the claimed ASIC channel protein constitutes 
some or all of a mammalian neuronal cationic channel. Support for this amendment is found on 
page 4, lines 7-17, which disclose that the ASIC channels can be hybrids constituted by different 
proteins of the invention. No new matter has been added by these amendments. 

Claims 12, 13 and 15 have been amended to more clearly indicate that the claimed 
nucleic acid sequence includes the recited nucleotides by which the claimed sequence is 
bounded. No new matter has been added by these amendments. 

Claims 22 and 28 have been amended to correct minor errors and to fix their 
dependencies. Claims 23 and 29 have been amended to correct minor grammatical errors. No 
new matter has been added by these amendments. 

Based on the above changes and the following remarks, the Applicants respectfully 
request reconsideration of the claims. 

Response to the Section 101 rejection 

Claims 1, 11-13, 15, 17-23 and 26-29 are rejected under 35 U.S.C. § 101 as allegedly 
lacking utility, and are also rejected under § 112, 1 st paragraph because one skilled in the art 
would allegedly not know how to use the invention if an appropriate utility has not been 
established. The Applicants respectfully traverse these rejections. 

A claimed invention meets the utility requirements of § 101 if one skilled in the art would 
appreciate why such invention is useful and if the utility is specific, substantial and credible. 
Utility Examination Guidelines, 66(4) F.R. 1092, 1098, January 5, 2001. Where the applicant 
has asserted that a claimed invention is useful for any particular practical purpose (i.e., it has a 
"specific and substantial utility"), and the assertion would be considered credible by a person of 
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ordinary skill in the art, then a rejection based on lack of utility should not be imposed. Id. Here, 
the application explicitly asserts several specific, substantial and credible utilities. Claims 1,11- 
13, 15, 17-23 and 26-29 therefore satisfy the requirements of § 101. 

This application asserts, among other utilities, that the claimed channels are useful in 
identifying drugs for the prevention or treatment of pain (pg. 8, lines 25-26), especially acid- 
induced pain associated with ischemia (pg. 9, lines 8-11), treatment of neurodegenerative 
disorders (pg. 9, lines 2-3), and the identification of agents that modulate taste (pg. 9, line 1 and 
pg. 11, lines 1-4). The neurodegenerative disorders that can be treated by targeting ASIC 
channels constituted by proteins of the invention include Alzheimer's disease, Huntingdon's 
disease, Parkinson's disease, amyotrophic lateral sclerosis and cerebellar ataxia (pg. 10, lines 3- 
9). 

A claimed invention need not accomplish every asserted utility. As long as the claimed 
invention meets at least one stated utility, the utility requirement is satisfied. Stiftung v. 
Renishaw PLC, 20 USPQ2d 1094, 1100 (Fed. Cir. 1991). The Revised Interim Utility 
Guidelines Training Materials (http://www.uspto.gov/web/menu/utility.pdf) ("Training 
Materials") teach that an asserted utility for treating a disease is specific and substantial. 

Example 3 of the Training Materials is particularly pertinent. Example 3 reads, in 
relevant part, as follows: 

The specification discloses a protein having the amino acid sequence of SEQ ID 
NO: 1 and discloses that the protein can be made by protein synthesis techniques 
well known in the art. The only disclosed utility for the protein is for curing 
Alzheimer's disease. There is no other disclosure of any chemical, physical, or 
biological properties of the protein. There are 98 pages of specification which 
disclose alternate administration techniques and dosages that are very specific, 
conventional techniques for protein administration. There are no working 
examples that demonstrate the specifically asserted utility. 

Claim: 1. The isolated protein consisting of the amino acid sequence set 
forth in SEQ ID NO: 1. 

Analysis: The following analysis includes the questions that need to be 
asked according to the guidelines and the answers to those questions based on the 
above facts: 

* * * 
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2) Has the applicant made any assertion of utility for the specifically 
claimed invention? Here, there is an asserted utility, i.e., curing Alzheimer's 
disease. 

3) Is the asserted utility specific? Curing Alzheimer's disease, a well 
known disease, clearly defines a use that depends upon the particular protein 
disclosed. Therefore, the utility is specific. 

4) Is the asserted utility "substantial"? Since a cure for Alzheimer's 
disease is a desirable outcome based upon a need in the art, the disclosed use of 
the claimed protein is substantial and "real world". 

Thus, Example 3 of the Training Materials makes clear that an asserted utility involving the 
treatment of a disorder (such as Alzheimer's disease) with the claimed protein is both specific 
and substantial. 

Here, the Applicants have made an assertion of utility for the specifically claimed 
invention; namely, that the claimed ASIC channels can be used to diagnose and cure specific 
neurodegenerative diseases, including Alzheimer's disease. The Applicants also assert that the 
claimed ASIC channels can be used in the treatment of pain (especially pain associated with 
ischemia) and to alter the taste perception. Questions 2 through 4 presented in Example 3 of the 
Training Materials can therefore be answered in the affirmative with respect to the presently 
claimed invention: 



2) Has the applicant made any assertion of utility for the specifically 
claimed invention? 

Yes, there is an asserted utility, i.e., treating Alzheimer's disease and other 
neurodegenerative diseases such as Huntingdon's disease, Parkinson's disease, 
amyotrophic lateral sclerosis and cerebellar ataxia. A utility of treating pain (for 
example from ischemia) is also made. 

3) Is the asserted utility specific? 

Yes. Treating Alzheimer's disease, Huntingdon's disease, Parkinson's 
disease, amyotrophic lateral sclerosis and cerebellar ataxia, which are all well 
known diseases, clearly defines a use that depends upon the particular channels 
disclosed and claimed. Treating pain, a well-known and well-characterized 
phenomenon, also clearly defines a use that depends upon the particular channels 
disclosed and claimed. Therefore, these asserted utilities are specific. 

4) Is the asserted utility "substantial"? 
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Yes. Since a treatment for Alzheimer's disease, Huntingdon's disease, 
Parkinson's disease, amyotrophic lateral sclerosis, cerebellar ataxia and pain are 
desirable outcomes based upon a need in the art, the disclosed uses of the claimed 
protein are substantial and "real world." 

The application thus presents the same situation as that shown in Example 3 of the 
Training Materials, for a number of asserted utilities. Indeed, the present disclosure goes beyond 
Example 3, as the present application also contains ample disclosure regarding the chemical, 
physical and biological properties of the claimed ASIC channel and the proteins constituting it. 
(In Example 3, utility was found even though "[t]here is no other disclosure of any chemical, 
physical, or biological properties of the protein.") The asserted utilities of diagnosing and 
treating specific neurodegenerative diseases, such as Alzheimer's disease, and of treating pain 
(such as ischemic pain) are therefore specific and substantial. 

Where one or more uses for an invention are set forth in the specification, a rejection for 
lack of utility should not be made or maintained unless an Examiner has reason to doubt the 
objective truth of the asserted utility. A reason to doubt an invention's asserted utility may be 
established when the written description suggests an inherently unbelievable undertaking or 
involves implausible scientific principles. In re Cortright, 49 USPQ2d 1464, 1466 (Fed. Cir. 
1999). However, the use of the claimed proteins constituting the ASIC channels for the 
diagnosis or treatment of neurodegenerative diseases or pain is not inherently unbelievable, nor 
does it involve implausible scientific principles. See, e.g., the working examples of the 
application, which begin on pg. 15. 

In particular, the experiments presented in the working examples show that the claimed 
proteins constituting the ASIC proton-activated cationic channels are expressed not only in the 
sensory neurons, but also in the neurons of the central nervous system (see Figs. 7a and 7b). 
Figs. 8a and 8b show that mRNA for proteins constituting the ASIC channels is expressed by the 
small neurons of the dorsal root ganglion, which supports the fact that ASIC is the rapidly 
desensitizing proton-activated cationic channel expressed in the nociceptive sensory neurons. 
The results of the in-situ hybridization shown in Fig. 8c show a broad and heterogeneous 
expression of proteins constituting the ASIC channel throughout the brain, with the highest 
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levels of expression observed in the principal olfactory bulb, the cerebral cortex, the 
hippocampus, the habenula, the basolateral amygdaloid nucleus and the cerebellum. 

Several post-filing publications support the utilities disclosed in this application for the 
claimed proteins constituting the ASIC channels. For example, Pan et al., J. Phys. (1999), 518; 
857 and Benson et al., Circ. Res. (1999), 84: 921 (copies enclosed) report that acidic conditions 
during myocardial ischemia contribute to afferent fiber sensitization through ASIC channel 
activity. Askwith et al., Neuron (2000), 26: 133 (copy enclosed) states in the abstract that 
acidosis is associated with inflammation and ischemia, and that this acidosis activates cation 
channels in sensory neurons. Askwith et al. also show that certain neuropeptides modulate pain 
by inducing sustained currents in neuronal ASIC channels, which implicates such channels in 
nociception. 

From the data presented in the present application, and from the post- filing studies discussed 
above, one skilled in the art would find the asserted utilities for the claimed ASIC channels to be 
credible. 

The Examiner has made specific comments in the Office Action regarding the credibility of 
the asserted utilization. For example, the Examiner considers that the specification and the art of 
record do not provide any specific function or biological significance of the claimed cationic 
ASIC channel. The Examiner considers that the functions of the claimed cationic ASIC channel 
are based entirely on conjecture from homologous polypeptides such as MDEG. However, the 
specification discloses at page 19, lines 1-3 that the ASIC channel protein exhibits approximately 
67% sequence homology with the degenerine ionic channel referred to as MDEG (Reference 14: 
Waldmann and al., 1996, Biol Chem.). The specification also discloses that the 
electrophysiological properties of MDEG mXenopus oocytes are clearly different by comparison 
with ASIC. More particularly: 

- The MDEG channel is not activated by the same pH changes as the ASIC channel (see 
Fig. 5). MDEG requires much more acidic pH (<pH5) for activation than ASIC1 (<pH7). 

- The substitution of the glycine residue in position 430 of MDEG by an acid-inhibiting 
amino acid such as valine or phenylalanine activates the MDEG channel. Analogous mutations 
of ASIC (glycine residue in position 431 replaced by valine or phenylalanine) do not lead to 
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increased ASIC channel activity, as these ASIC mutants can not be activated by protons (pg. 19, 
lines 7-12). 

- ASIC channels (ASIC la and ASIC lb) are modulated by neuropeptide FF, whereas 
MDEG is not affected by this neuropeptide (see Askwith et al., supra; and Deval et al., 
Neuropharmacology (2003), 44: 662; copy enclosed). 

- ASIC channels containing the MDEG subunit are potentiated by Zn2+, whereas 
homomeric ASIC1 channels are not affected by Zn2+ (see Baron et al. (2001), J Biol Chem, 276: 
35361; copy enclosed). 

- ASIC la activity is blocked by tarantula toxin PcTxl, whereas MDEG is not affected by 
this toxin (see Escoubas et al. (2000), J Biol Chem, 275: 251 16; copy enclosed). 

Thus, the Applicants are not basing the asserted utilities of the claimed peptides on 
comparisons with the MDEG channel, but rather have shown a specific, substantial and credible 
utility based on the disclosure and data of the present application. 

The Examiner also considers that the specification and the art of record do not describe 
any diseases directly related to ASIC channel dysfunction. The Examiner further considers that 
the role of ASIC channel function in brain is obscure, based on the Berdiev et al. reference. 

Berdiev et al. concerns ASIC channels in tumor cells and gliomas, and not in 
untransformed glia. Extensive genetic recombinations of chromosome 17, where the MDEG 
gene is located, occur frequently in brain tumors such as neuroblastoma (Lastowska et al. (2002), 
Genes Chromosomes Cancer 34: 428; abstract enclosed). The MDEG gene spans more than 1% 
of chromosome 17 (this can be verified on http://genome.ucsc.edu ), and the unusual ASIC 
currents recorded by Berdiev et al. could well be caused by rearrangement of the MDEG gene. 
The ASIC currents reported by Berdiev et al. in malignant glioma were never recorded, either by 
them or by others, in native neurons or glia. The article by Berdiev et al. is thus not an adequate 
reference for describing the properties or the role of ASIC channels in native neurons or glia. 

The Applicants have also enclosed an article by Zhi-Gang Xiong et al. (Cell, 2004, 118: 
687) and comments on this article (The Lancet Neurology, 2004, vol. 3 ; and N. Engl. J. Med., 
2005, vol. 352). The article and comments show that both a ASICla blockers (such as PcTXl) 
or ASICla gene knock-out reduce neuronal damage due to ischemia in the brain. As a 
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consequence, blockers of ASIC la activity would become relevant drugs for the prevention of 
brain damage after ischemia. 

Thus, diseases directly related to ASIC channels are described in the literature. The 
present application also details many diseases and disorders directly linked to ASIC channels, as 
discussed above, including neurodegenerative disorders and pain due to ischemia 

In light of the foregoing, it is submitted that the utility asserted in the specification is 
credible, as well as specific and substantial. It is respectfully requested that the rejection based 
on 35 U.S.C. § 101 be reconsidered and withdrawn. 

Response to the section 112, 1 st paragraph rejection 

Claims 1, 11-13, 15, 17-23 and 26-29 are rejected under 35 U.S.C. §112, first paragraph. 
This rejection follows from and is dependent upon the §101 rejection discussed above; stating, in 
essence, that one skilled in the art would not know how to use the claimed invention because an 
appropriate utility has allegedly not been established. For the reasons set forth above, the 
application does, in fact, set forth sufficient, specific, substantial and credible utilities for the 
claimed proteins constituting the ASIC channels. Thus, one skilled in the art would know how to 
make and use the claimed invention. The Applicants therefore respectfully requested that the 
§112, 1 st paragraph enablement rejection of claims 1, 1 1-13, 15, 17-23 and 26-29 be withdrawn. 



Based on the foregoing, the Applicants respectfully submit that the Application is now in 
a condition for allowance, which is respectfully requested. 



Conclusion 



Paul Carango 
Reg. No. 42,386 
Attorney for Applicants 




PC:rb 

(215) 656-3320 
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Role of protons in activation of cardiac sympathetic C-fibre 
afferents during ischaemia in cats 

Hui-Lin Pan*t, John C. LonghurstJ, James C. Eisenach* and Shao-Rui Chen* 

* Department of Anesthesiology and ^Department of Physiology & Pharmacology, Wake 
Forest University School of Medicine, Winston-Salem, NC 27157 and % Division of 
Cardiovascular Medicine, Department of Internal Medicine, University of California 
School of Medicine, Davis, CA 95616, USA 

(Received 22 March 1999; accepted after revision 30 April 1999) 

1 . Chest pain caused by myocardial ischaemia is mediated by cardiac sympathetic afferents. The 
mechanisms of activation of cardiac afferents during ischaemia remain poorly understood. 
Increased lactic acid production is associated closely with myocardial ischaemia. The present 
study examined the role of protons generated during ischaemia in activation of cardiac 
sympathetic C-fibre afferents. 

2. Single -unit activity of cardiac afferents innervating both ventricles was recorded from the 
left sympathetic chain in anaesthetized cats. Epicardial tissue pH was measured within 
1-1*5 mm of the surface by a pH-sensitive needle electrode. Responses of cardiac afferents 
to myocardial ischaemia, lactic acid, sodium lactate, acidic phosphate buffer and hyper - 
capnia were determined. 

3. Occlusion of the coronary artery for 5 min decreased epicardial tissue pH from 7*35 + 021 
to 6*98 ± 0-22 (P < 0*05). Epicardial placement of isotonic neutral phosphate buffer, but not 
saline, prevented the ischaemia-induced decrease in epicardial pH. This manoeuvre 
significantly attenuated the response of 16 afferents to 5 min of ischaemia (1*56 ± 0*23 pre- 
treatment vs. 0*67 ± 0*18 impulses s _1 ). Topical application of 10-100 fig ml" 1 of lactic acid, 
but not sodium lactate, concentration-dependently stimulated 18 cardiac afferents. Inhalation 
with high-C0 2 gas failed to activate 12 separate cardiac afferents. Furthermore, lactic acid 
stimulated cardiac afferents to a greater extent than acidic phosphate buffer solution, 
applied at a similar pH to the same afferents. 

4. Collectively, this study provides important in vivo evidence that protons contribute to 
activation/sensitization of cardiac sympathetic C-fibre afferents during myocardial 
ischaemia. 



Chest pain, or angina pectoris, is one of the hallmarks of 
myocardial ischaemia although 'silent' ischaemia (lack of pain 
perception) also occurs in some patients with coronary artery 
disease. Sympathetic and vagal nerves innervating the heart 
contain not only autonomic efferent axons but also afferent 
fibres that transmit signals generated by cardiac sensory 
receptors (White, 1957; Cervero, 1994). Cardiac primary 
afferents running in the sympathetic nerves, especially finely 
myelinated AS- and unmyelinated C-fibre afferents, generally 
are considered to be the essential pathways for transmission 
of cardiac nociception to the central nervous system during 
myocardial ischaemia (White, 1957; Baker et al. 1980; 
Cervero, 1994). In this regard, removal of both stellate 
ganglia and excision of the first to the fifth thoracic 
sympathetic ganglia relieves cardiac pain in patients with 
ischaemic heart disease (White, 1957). Occlusion of coronary 



arteries also produces severe pain and pseudaffective 
reactions in dogs and cats, which can be abolished by 
thoracic sympathectomy but not vagotomy (Moore & 
Singleton, 1935; Brown, 1967). There is ample evidence 
demonstrating that myocardial ischaemia excites a subgroup 
of cardiac sympathetic afferents, namely, ischaemically 
sensitive afferents, which transmit nociceptive information 
to the central nervous system to elicit cardiac pain perception 
(Brown, 1967; Nishi et al. 1977; Bosnjak et al 1979; 
Chandler et al 1989, 1998; Pal et al 1989). Furthermore, 
activation of cardiac sympathetic afferents during ischaemia 
is known to initiate neural reflexes, which lead to 
haemodynamic alterations and arrhythmias (Malliani et al 
1969). Although adenosine was initially considered as the 
metabolite responsible for activation of cardiac afferents 
during ischaemia (Thames et al 1993; Gnecchi-Ruscone et al 



858 



H.-L. Pan, J. C. Longhurst, J. C. Eisenach and S.-R, Chen 



J. PhysioL5i$.$ 



1995), several recent studies have failed to demonstrate that 
adenosine is capable of stimulating cardiac sympathetic 
afferents (Pan & Longhurst, 1995; Veelken et al 1996; Abe 
et al 1998). Thus, the mechanisms of activation of cardiac 
nociceptors during ischaemia remain unclear. 

Under physiological conditions, extracellular hydrogen ion 
concentrations are regulated within a very narrow range, 
and buffering of protons in the extracellular space 
minimizes changes in pH around sensory nerve endings 
(Poole -Wilson, 1978). It has long been recognized that 
myocardial ischaemia is associated with local acidosis, and 
that both intracellular and extracellular pH fall markedly 
during ischaemia (Opie et al. 1973; Poole -Wilson, 1978). 
Protons have been known to play a dominant role in 
excitation/sensitization of cutaneous nociceptors, pulmonary 
vagal afferents and abdominal sympathetic afferents (Steen 
et al 1992, 1995; Stahl & Longhurst, 1992; Hong et al 
1997). Furthermore, intracoronary injection of lactic acid 
elicits a pseudaffective response in lightly anaesthetized 
animals (Guzman et al 1962). However, the contribution of 
endogenously accumulated protons to activation of cardiac 
sympathetic afferents during ischaemia has not been studied 
directly In the present study, by directly recording single- 
unit activity of cardiac sympathetic C-fibre afferents, we 
tested the hypothesis that protons produced during 
myocardial ischaemia play a role in activation of ischaemia- 
sensitive cardiac afferents. 

METHODS 

Surgical preparations 

The surgical preparations and experimental protocols were 
approved by the Animal Care and Use Committee at Wake Forest 
University School of Medicine and the University of California at 
Davis. Adult cats of either sex were anaesthetized with ketamine 
(30 mg kg -1 , i.m.) and anaesthesia was maintained with a-chloralose 
(60-80 mg kg -1 , i .v.). Supplemental doses of a-chloralose (5-10 mg 
kg -1 ) were given as necessary to maintain an adequate depth of 
anaesthesia, assessed by lack of nociceptive reflexes and fluctuation 
of blood pressure and heart rate. A femoral artery and vein were 
cannulated for measurement of pressure and administration of 
fluids and drugs, respectively. The trachea was intubated and 
respiration maintained artificially with an animal ventilator (model 
CIV-101, Columbus Instruments, Columbus, OH, USA). The left 
carotid artery was cannulated with a Millar catheter (catheter-tip 
pressure transducer), which was passed retrogradely into the left 
ventricle for monitoring the left ventricular pressure. A PE 60 
catheter was also introduced into the left atrium through the left 
atrial appendage for intracardiac injection of drugs. Arterial blood 
pressure was measured with a pressure transducer (model PT300, 
Grass Instruments). Arterial blood gases were analysed with a 
blood gas analyser and maintained within physiological limits 
(P 0i > 100 mmHg, 35-40 mmHg, pH 7-35-7*45). When 

necessary, arterial P 0j was increased by enriching the inspired 0 2 
supply; pH was corrected by administering NaHC0 3 (1m, i.v.) 
and/or adjusting ventilation. The haemodynamic parameters 
were monitored and maintained stable (mean arterial pressure: 
70-99 mmHg; heart rate: 110-130 beats min -1 ; left ventricular 
end-diastolic pressure: 3-4 mmHg) throughout the experiment. 



Blood from a donor cat or 6% dextran was infused when necessary 
to keep the haemodynamics in the above range. Body temperature 
was maintained in the range 37-38 °C with a circulating water 
heating pad and heat lamps. Animals were killed at the end of 
experiments by an intravenous injection of an overdose of sodium 
pentobarbital. 

Recording of cardiac sympathetic afferents 

A midline sternotomy was performed and the first to seventh left 
ribs and the upper lobe of the left lung were removed. The fascia 
overlying the left paravertebral sympathetic chain from T2 to T6 
was removed. The chain and rami communicantes were then 
draped over a plastic platform and covered with warm mineral oil. 
Small nerve filaments were teased gently from the chain or rami 
communicantes between T2 and T5 under an operating microscope 
(model M900, D.F. Vasconcellos S.A., Sao Paulo, Brazil). The rostral 
end was placed across a recording electrode, which was connected 
to a high impedance probe. The nerve filaments were dissected 
gradually until single-unit activity of a cardiac afferent nerve was 
isolated (Pan & Longhurst, 1995; Huang et al 1995; Tjen-A-Looi et 
al 1998). The action potential of the afferent was amplified and 
processed through an audioamplifier (model AM8, Grass 
Instruments) and displayed on an oscilloscope (model 450, Gould). 
The neurogram, blood pressure and left ventricular pressure were 
simultaneously monitored on a recorder (model K2G, Astro-Med, 
W. Warwick, RI, USA). In addition, afferent nerve activity was 
fed into a Pentium computer through an analog-to-digital interface 
card for subsequent off-line quantitative analysis. Discharge 
frequency was quantified by using a data acquisition and analysis 
software (Data Wave Technology, Inc., Longmont, CO, USA) and a 
histogram was created for each afferent nerve. Accurate counting of 
the afferent nerve discharge frequency was verified for each 
afferent by comparing the constructed histogram with the original 
neurogram. The precise location of afferent nerve endings was 
confirmed using a stimulating electrode placed directly on the 
receptive field of the afferent to electrically evoke the action 
potential of the afferent fibre. We have found that this method is 
the most accurate means of locating afferent nerve endings on the 
beating heart (Pan & Longhurst, 1995; Tjen-A-Looi et al. 1998). 
Conduction time was determined by measuring the time interval 
from the signal of electrical stimulation to the recording of the 
action potential from the evoked afferent. Conduction distance was 
estimated from the receptive field along the course of the inferior 
cardiac nerve through the left stellate ganglion, and to the recording 
electrode following the course of the sympathetic chain (Kuo et al 
1984; Pan & Longhurst, 1995). C- and A£-fibre afferent nerves were 
classified as those with a conduction velocity < 2*5 and 2*5-30 m s -1 , 
respectively (Pan & Longhurst, 1995; Huang et al 1995; Tjen-A- 
Looi et al 1998). 

Measurement of epicardial pH 

Epicardial tissue pH was measured with a pH-sensitive needle 
electrode (20 gauge, 0*9 mm o.d., model 401 , Micro Probe, Hamden, 
CT, USA), which has a response time of < 3 s. The needle electrode 
was connected to an ATI Orion digital pH meter (model 330, 
Boston, MA, USA) and was calibrated in vitro using standard pH 
solutions (7*40, 6*85 and 6*40), as described previously (Stahl & 
Longhurst, 1992), The electrode was then inserted into the 
myocardium within 1-1*5 mm of the surface. The pH electrode 
was inserted into the region of epicardium perfused by the left 
anterior descending coronary artery or the left circumflex coronary 
artery since most ischaemically sensitive afferent nerve endings are 
located in these two areas when recording of afferent nerve activity 
is performed with fibres in the left sympathetic chain from T2 to T5 
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(Pan & Longhurst, 1995; Tjen-A-Looi et al 1998). The output 
voltage signal from the pH meter was recorded continuously on the 
chart recorder. 

Experimental protocols 

Epicardial pH during myocardial ischaemia. This protocol was 
utilized to determine the epicardial pH changes during ischaemia 
since most cardiac sympathetic afferent nerve endings are 
distributed near the epicardial surface (Baker et al 1980; Barber 
et al 1984; Pan & Longhurst, 1995). This protocol was also used to 
evaluate the effect of topical placement of neutral phosphate buffer 
on ischaemia-induced epicardial pH changes. The pH electrode was 
allowed to stabilize for at least 45 min to minimize pH changes due 
to tissue damage caused by insertion of the electrode (Stahl & 
Longhurst, 1995). Regional myocardial ischaemia was induced by 
constricting the corresponding coronary vessel with a thread placed 
around the coronary artery In six animals, epicardial pH in the 
ischaemic and non-ischaemic zones was measured continuously 
during 5 min of control, 5 min of ischaemia and 2 min of 
reperfusion. Repeat myocardial ischaemia was induced 30—45 min 
after the first period of ischaemia in the presence of a topical 
application of saline to ensure that the ischaemia-induced pH 
changes were reproducible. In another seven animals, after the first 
period of myocardial ischaemia, a 2 cm 2 filter paper patch pre- 
immersed in a solution of isotonic neutral phosphate buffer was 
placed directly on the epicardium where the pH electrode was 
inserted. Isotonic neutral phosphate buffer was prepared by 
combining 140 mM Na 2 HP0 4 and 135 mM NaH 2 P0 4 . The pH (7-4) 
and osmolarity (290 mosmol (1 H 2 0) _1 ) of the phosphate buffer were 
measured and adjusted with use of an ATT Orion digital pH meter 
and a /iOSMETER (Precision Systems, Inc., Natick, MA, USA), 
respectively. Five minutes of myocardial ischaemia was reinduced 
30 min later to determine the changes in epicardial pH during 
ischaemia in the presence of buffer solution. 

Effects of exogenous protons on cardiac sympathetic afferents. 
This protocol examined the effect of protons derived from various 
sources on ischaemically sensitive cardiac sympathetic afferents. 
The effect of the acidic phosphate buffer on cardiac afferents was 
compared with the response of afferents to lactic acid, sodium 
lactate and hypercapnia. The differential effect of various sources 
of protons on ischaemically sensitive and insensitive cardiac 
afferents was also investigated. After the location of the receptive 
field of the afferent nerves was confirmed, the ischaemically 
sensitive or insensitive afferent fibres were identified following 
5 min of regional myocardial ischaemia. Myocardial ischaemia was 
induced by constricting the coronary artery supplying the receptive 
field of cardiac ventricular afferent nerves with a thread placed 
around the vessel. Under an operating microscope, ligatures were 
placed around the proximal left anterior descending or left 
circumflex coronary artery, with care being taken not to disrupt 
nerve fibres that course along the vessel. Lactic acid 
(10-100 fig ml -1 , Sigma), acidic phosphate buffer (pH = 5-42), or 
vehicle (normal saline) was applied, in random order, to the 
receptive field of afferent nerves using a cotton-tipped applicator 
soaked with these solutions or injected (2 ml) into the heart through 
the left atrial catheter (Pan & Longhurst, 1995). Allowing for 
dilution during application of lactic acid from the epicardial surface 
into the interstitial space where the nerve endings are located, the 
concentrations of lactic acid are approximately within the range 
occurring during tissue ischaemia (Stahl & Longhurst, 1992). 
Sodium lactate (100-300 fig ml" 1 , Sigma) was applied or injected 
into the heart to determine if afferents respond to lactic acid rather 
than to the dissociated lactate ions. Receptive fields were washed 



with saline and blood pH was corrected after each chemical had 
been administered. Furthermore, since high tissue C0 2 during 
myocardial ischaemia also constitutes a source of protons (Opie et 
al 1973), we studied the effect of hypercapnia on cardiac afferents. 
After ischaemically sensitive cardiac afferents were identified, the 
animal was ventilated with gas containing a high percentage of 
C0 2 (12% C0 2 , 21% 0 2 , and N 2 balance) for 5 min while the 
impulse activity of the afferent was recorded continuously (Stahl & 
Longhurst, 1992). In addition, to investigate further the possible 
differential effect of protons on ischaemically sensitive versus 
ischaemically insensitive cardiac afferents, the latter group of 
cardiac afferents was subjected to topical application or intracardiac 
injection of lactic acid. The epicardial pH was measured during 
hypercapnia and during topical application of the test solutions. 

Role of endogenously produced protons in activation of cardiac 
sympathetic afferents during myocardial ischaemia. In 18 
animals, after the receptive fields of the afferents were located 
precisely, ischaemically sensitive cardiac afferents were identified 
following 5 min of myocardial ischaemia. A 2 cm 2 filter paper patch 
was immersed in solution of isotonic neutral phosphate buffer and 
then placed directly on the epicardium where the afferent nerve 
ending was located. We have found in our previous studies that 
ischaemically sensitive afferents usually have one receptive field, 
and the size of the receptive field of cardiac afferent nerves is 
generally < 0*5-1 cm (Pan & Longhurst, 1995; Huang et al 1995; 
Tjen-A-Looi et al 1998). Five minutes of myocardial ischaemia was 
repeated 30-45 min later to assess the response of the afferent 
nerve fibre to ischaemia in the presence of saline on the receptive 
field of the afferent. In a separate group of animals (n=14 
animals), the response of cardiac sympathetic afferents to 5 min of 
ischaemia was determined before and after application of a 2 cm 2 
filter paper patch saturated with normal saline on the receptive 
field of the afferent. This procedure was used to establish a proper 
vehicle control to show that alteration of the afferent response to 
ischaemia following application of phosphate buffer was not caused 
simply by dilution of other metabolites. We have documented that 
two 5 min periods of myocardial ischaemia, separated by 
30-45 min, induce reproducible responses from cardiac afferents 
without damaging or sensitizing the nerve endings (Pan & 
Longhurst, 1995; Tjen-A-Looi et al 1998). We did not measure 
epicardial pH and afferent nerve activity at the same time due to 
the interfering electrical noise from the pH meter. In addition, 
dichloroacetate has been reported to decrease myocardial lactic 
acid accumulation by stimulating pyruvate dehydrogenase during 
partial occlusion of the coronary artery in dogs (Sakai et al 1990). 
Thus, we evaluated the effect of systemic administration of dichloro- 
acetate (200—600 mg, i.v.) on myocardial lactic acid concentrations 
and epicardial pH in our feline model of myocardial ischaemia in 
nine cats. 

Data analysis 

Results are given as means + s.e.m. The discharge activity of 
afferents was averaged during a 5 min pre-ischaemic control period, 
a 5 min period of myocardial ischaemia and a 2 min period after 
reperfusion (Pan & Longhurst, 1995; Huang et al 1995; Tjen-A- 
Looi et al 1998). Afferents were considered to be ischaemically 
sensitive if their discharge frequency during 5 min of myocardial 
ischaemia was increased and was sustained at least twofold above 
baseline activity (Pan & Longhurst, 1995; Tjen-A-Looi et al 1998). 
The response of afferents to lactic acid, hypercapnia, acidic 
phosphate buffer and sodium lactate was measured by averaging 
discharge rates during the entire period of the response of afferents. 
Comparisons between control and experimental interventions were 
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Figure 1. Effect of isotonic neutral buffer on changes in epicardial pH induced by myocardial 
ischaemia 

Original record showing the epicardial pH changes during 5 min of myocardial ischaemia in the presence of 
saline (A) and isotonic neutral phosphate buffer (B) in one animal. 



made either by Student's paired t test or a repeated measures 
analysis of variance followed by Duncan's post hoc test. Differences 
were considered to be statistically significant when P< 0*05. 

RESULTS 

Acid-base status and haemodynamic profiles 

The acid-base balance (arterial blood gas) was kept in the 
following range during the experiments: P co , 35-40; 
HC0 3 " 22-28 mmol l" 1 ; and pH, 7-36-7-42. The haemo- 
dynamic parameters throughout the experiments were as 
follows: mean arterial pressure, 78 + 15 mmHg; heart rate, 
117 + 11 beats min" 1 ; left ventricular end-diastolic pressure, 
3 + 1 mmHg. Afferent recordings from three animals were 
eliminated due to ventricular fibrillation during the 5 min 
period of ischaemia. Inhalation of hypercapnic gases 
significantly increased mean arterial blood pressure from 
78 ±15 to 158 ±22 mmHg. 

Epicardial pH during myocardial ischaemia 

In seven animals, 5 min of myocardial ischaemia significantly 
decreased the epicardial pH (Fig. 1.4). Topical application 



of phosphate buffer effectively prevented ischaemia-induced 
decreases in epicardial pH (Fig. IB). In six other animals, 
topical placement of saline solution did not attenuate the 
decrease in epicardial pH caused by ischaemia, compared 
with that during the initial ischaemic period (Fig. 2). There 
was no significant difference between changes in epicardial 
pH induced by occlusion of the left anterior coronary artery 
(6* 98 ±0*21, n = 7 animals) or the left circumflex coronary 
artery (7-03 ± 0-23, n—5 animals). In five additional 
animals, we measured epicardial interstitial pH in the right 
ventricle during 5 min of ischaemia. Epicardial pH decreased 
from 7-32 ±0-14 during control to 6-98 ± 0-08 during 
5 min of ischaemia, similar to that observed in the left 
ventricle (see Fig. 2). 
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Figure 2. Bar graph summarizing changes in epicardial 
pH during control and 5 min of ischaemia in the 
presence of saline and phosphate buffer 

Columns and error bars represent means ± s.e.m. * P< 0*05 
compared with pre-ischaemia control. 
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Figure 3. Original representative tracings showing 
responses of an ischaemically sensitive cardiac afferent 
to topical application ft) of lactic acid or sodium lactate 
The afferent ending was located in the anterior left ventricle 
and had a conduction velocity of 0*46 m s~\ During topical 
applications of lactic acid at 20, 50 and 100 fig ml" 1 and of 
sodium lactate at 100 fig ml' 1 , the epicardial pH values 
measured by the tissue electrode were 7*18, 7*03, 6*83 and 
7*34, respectively 
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Exposure to hypercapnic gases decreased the arterial pH to 
6-97 ± 0*23 and the epicardial pH to 6-95 ± 0*26 in six 
animals. Intracardiac injection of 2 ml of lactic acid 
decreased epicardial pH to 7-01 ± 0*27 (n— 9 animals), 
which was comparable to that measured during topical 
applications of lactic acid and during 5 min of ischaemia. 

Effects of exogenous protons on cardiac sympathetic 
afferents 

Five minutes of myocardial ischaemia increased the discharge 
frequency of 18 cardiac C-fibre afferent nerves from 
0-22 ± 0-08 to 1*63 ± 0*24 impulses s~\ Topical application 
or intracardiac injection of lactic acid stimulated these 
afferent nerve fibres in a concentration-dependent fashion 
(Figs 3 and 4). However, topical application or intracardiac 
injection of sodium lactate failed in all cases to stimulate the 
same afferents. The impulse discharge activity of these 
afferent fibres was 0-23 ± 0-08 and 0*22 ± 0*07 impulses s" 1 
before and after administration of sodium lactate, 
respectively. 

We observed that inhalation of hypercapnic gases for 5 min 
in four animals effectively decreased the epicardial pH to 
6*96 ±0*21, which was similar to the values observed 
during 5 min of ischaemia. In 12 separate ischaemically 
sensitive afferents, inhalation of hypercapnic gases for 
5 min did not activate any of these afferent nerve endings 
(Fig. 5) although the arterial blood pressure was increased 
significantly. The response of eight other ischaemically 
sensitive afferent nerves to acidic phosphate buffer was 
significantly less than their response to 50 /tg ml -1 of lactic 
acid (Fig. 6), although the pH of these two solutions was 
identical (pH = 5*42). The epicardial interstitial pH was 
measured when lactic acid and acidic phosphate buffer at a 
similar pH (5*42) were topically applied. These two solutions 
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Figure 4. Concentration-dependent responses of 18 
ischaemically sensitive cardiac afferents to topical 
(epicardial) application of lactic aoid 
Data are presented as means ± s.e.m. * P< 0-05 compared 
with the discharge activity during control. During topical 
applications of lactic acid at 20, 50 and 100 fig ml" 1 , the 
epicardial pH values were 7*20 ± 0-04, 7-00 ± 0-04 and 
6-80 ± 0*06, respectively 
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Figure 5. Bar graph showing responses of 12 
ischaemically sensitive cardiao afferents to 5 min of 
ischaemia and inhalation of high- CO 2 gas 

Columns and error bars represent means ± s.e.m. * P< 0'05 
compared with pre -ischaemia control. Tissue pH values 
during ischaemia and hypercapnia were 6*98 ±0*21 and 
6-96 ±0-21, respectively. 

caused an identical decrease in epicardial interstitial pH 
(7-0 ± 0*08 for lactic acid vs. 6*9 ± 0*08 for acidic phosphate 
buffer, ?i=6 afferents). The locations of these 38 C-fibre 
afferent nerve endings are shown in Table 1 . 

Topical application of 100 fig ml" 1 of lactic acid only weakly 
activated 3 of 16 ischaemically insensitive cardiac afferent 
nerve fibres (increase in afferent nerve activity from 
0*32 ± 0*11 to 0-56 ± 0*14 impulses s" 1 ). The remaining 13 
afferent nerves were unresponsive to topical application or 
intracardiac injection of lactic acid. 
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Figure 6. Bar graph showing responses of 8 
ischaemically sensitive cardiac afferents to topical 
application of lactio acid or isotonic phosphate buffer 

With both lactic acid (50 fig ml -1 ), and isotonic phosphate 
buffer, pH — 5*42 . Columns and error bars represent 
means ± s.e.m. * P< 0-05 compared with the afferent 
activity during control. ** P< 0*05 compared with afferent 
response to lactic acid. The epicardial interstitial pH was 
7*0 ± 0*08 during topical application of lactic acid and 
6*9 ± 0'08 during application of acidic phosphate buffer. 
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Table 1. Location of nerve endings of ischaemically sensitive 
cardiac sympathetic afferents 

Lactic Acidic Phosphate 

acid Hypercapnia phosphate buffer Saline 
(n=18) (n=12) (n=8) (n=16) (n=14) 



Left ventricle 
Anterior 
Posterior 

Right ventricle 
Anterior 
Posterior 

Apex 



Eole of endogenously produced protons in activation 
of cardiac sympathetic afferents during myocardial 
ischaemia 

Figure 7 shows the response of an ischaemically sensitive 
cardiac afferent nerve to 5 min of ischaemia in the absence 
and presence of isotonic neutral phosphate buffer solution. 
The response of the afferent to ischaemia was reduced after 
placement of the buffer solution. For 16 cardiac sympathetic 
afferent fibres recorded in 15 animals, the initial 5 min of 
myocardial ischaemia led to a significant increase in 
discharge activity. Buffering the pH changes in the receptive 
field of these afferents with isotonic neutral phosphate 
buffer significantly attenuated the response of these 
afferents to repeated 5 min periods of ischaemia (Fig. 8.4). 
In 14 other animals, the response of 14 cardiac afferent 
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Time (min) 

Figure 7. Representative histograms showing the 
discharge activity of a cardiac afferent during control, 
ischaemia and reperfusion before {A) and after (B) 
treatment with isotonic neutral phosphate buffer 

The afferent ending was located in the anterior left ventricle 
and had a conduction velocity of 0*64 m s~ l . Traces 1 and 2: 
original tracings of this afferent recorded at the times 
indicated by bars above histograms. 



nerves to repeated 5 min periods of ischaemia was not 
significantly altered in the presence of saline solution, 
compared with that during the initial period of ischaemia 
(Fig. SB). The epicardial pH was 7-02 ± 0*23 during 5 min 
of ischaemia in the absence of saline, and topical application 
of saline did not significantly change the epicardial tissue 
pH during ischaemia (7-02 ± 0-22, n=6 afferents). The 
locations of these 30 C-fibre afferent nerve endings are 
shown in Table 1 . 

In an attempt to determine more specifically the role of 
endogenous lactic acid in cardiac afferent activation during 
myocardial ischaemia, we measured both epicardial pH and 
lactic acid sampled from the coronary vein before and after 
treatment with dichloroacetate (600 mg, i.v., n = 9 animals). 
Before treatment with dichloroacetate, the epicardial pH 
decreased from 7' 34 + 0*11 during pre-ischaemic control to 
6*96 ± 0-08 during 5 min of coronary artery occlusion. The 
lactic acid in coronary venous samples increased from 
3*3 + 0*6 during control to 7-5 ±1*2 mM during 5 min of 
myocardial ischaemia. Treatment with dicholoracetate did 
not significantly attenuate ischaemia-induced changes in 
epicardial pH (from 7*32 ± 0*11 to 6*94 ± 0-07) and coronary 
venous lactic acid (from 3*2 ± 0*6 to 7*8 ±1*3 mM). Thus, 
we were unable to use this approach to study further the 
role of endogenous lactic acid in ischaemia-induced cardiac 
afferent activation. 



DISCUSSION 

We focused our current study on C-fibre afferents because 
the heart is innervated predominantly by sympathetic 
C-fibre afferents (Pan &Longhurst, 1995; Huang et al. 1995; 
Tjen-A-Looi et al 1998). In the present study, we only 
recorded three A^-fibre afferents whose nerve endings were 
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Figure 8. Bar graphs showing the response of cardiac 
sympathetic afferents to repeated 5 min periods of 
ischaemia in the absence and presence of isotonic 
neutral phosphate buffer (^4) or saline (B) 
Columns and error bars represent means ± s.e.m. * P< 0*05 
compared with respective pre-ischaemic control. ** P< 0*05 
compared with the initial afferent response to ischaemia. 
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in the heart. None of these fibres was responsive to 5 min of 
myocardial ischaemia or administration of lactic acid. 

There are two important findings in the present study. First, 
we found that protons, probably derived from lactic acid, 
stimulated ischaemically sensitive cardiac afferent fibres in a 
concentration-dependent fashion. In this regard, hyper- 
capnia, sodium lactate and acidic phosphate buffer either had 
no effect on ischaemically sensitive cardiac afferent endings 
or only slightly increased the discharge activity of these 
fibres. Furthermore, our data demonstrate that buffering 
the receptive field of afferents, which stabilizes epicardial pH, 
significantly attenuated the increase in discharge activity of 
cardiac sympathetic afferents induced by ischaemia. 
Therefore, the present electrophysiological study provides in 
vivo evidence for the first time that endogenously produced 
protons, most probably those derived from lactic acid, play 
an important role in activation of cardiac sympathetic 
C-fibre afferents during ischaemia. 

Increased production of some metabolites during 
myocardial ischaemia has been proposed to contribute to 
excitation of nerve endings of primary cardiac sympathetic 
afferents (Nishi et al 1977; Baker et al 1980). For example, 
we have shown that bradykinin and free radicals, but not 
adenosine, contribute to activation of ischaemically sensitive 
cardiac sympathetic afferents (Pan & Longhurst, 1995; 
Huang et al. 1995; Tjen-A-Looi et al 1998). However, in 
vivo myocardial ischaemia is a complex entity and many 
metabolites probably act in concert to activate cardiac 
sympathetic afferents. In this regard, elimination of the 
action of free radicals or blockade of kinin B 2 receptors 
generally does not eliminate completely ischaemia-induced 
activation of cardiac sympathetic afferents (Huang et al. 
1995; Tjen-A- Looi et al. 1998). Thus, we believe that other 
mechanisms are still present which account for activation/ 
sensitization of cardiac afferents during ischaemia. Since 
lactic acid is produced in large quantities during myocardial 
ischaemia and because exogenous lactic acid elicits 
nociceptive responses in conscious animals (Guzman et al 
1962; Opie et al 1973; Nishi et al 1977), this metabolite has 
been long suspected of playing a role in myocardial 
ischaemia-induced chest pain. However, there is little in 
vivo evidence supporting the hypothesis that endogenously 
produced protons contribute to activation of cardiac 
nociceptors during ischaemia. Evidence that outward 
proton flux from myocytes occurs rapidly during ischaemia 
has been presented by Yan & Kleber (1992), who found that 
proton efflux during ischaemia, coupled with the poor 
buffering capacity of the extracellular versus the intra- 
cellular milieu, is sufficient to lower extracellular pH more 
than intracellular pH. Although it has been established 
previously that myocardial pH decreases during ischaemia 
(Poole- Wilson, 1978), epicardial pH changes during 
myocardial ischaemia have not been examined in particular. 
In the present study, we found that epicardial pH decreased 
progressively during 5 min of ischaemia. Because the nerve 
endings of cardiac sympathetic afferents are distributed 



near the epicardial surface (Baker et al 1980), we measured 
the epicardial tissue pH changes, which are most relevant to 
the environment of cardiac sympathetic afferents during 
ischaemia. In preliminary studies, we performed extensive 
experiments using several approaches, including 
treatments with dichloroacetate (200-600 mg kg -1 , i.v.) and 
acetazolamide (60-100 mg kg" 1 , i.v.) (data not shown) in an 
attempt to define further the role of lactic acid in activation 
of cardiac afferents during ischaemia. However, we could not 
demonstrate significant attenuation of ischaemia-induced 
alterations in epicardial pH and lactic acid by either dichloro- 
acetate or acetazolamide. A previous study has shown that 
dichloroacetate effectively attenuated myocardial acidosis in 
a canine model of partial occlusion of the coronary artery 
(Sakai et al 1990). We were unable to demonstrate such an 
effect in our feline model of complete occlusion of the 
coronary artery, and therefore the present study is limited 
by the lack of a suitable protocol to restrict the accumulation 
of lactic acid in our feline model of myocardial ischaemia. 

Taking advantage of the anatomical distribution of the 
nerve endings of cardiac sympathetic afferents, we observed 
that epicardial application of isotonic phosphate buffer 
prevented the decrease in pH during ischaemia. Thus, 
buffering the epicardium pH provided a useful means of 
evaluating the role of endogenously produced protons in the 
activation of cardiac afferents during ischaemia. The role of 
protons from lactate ions and other sources in the activation 
of ischaemically sensitive cardiac afferents was determined 
in our study. The cause of acidosis during myocardial 
ischaemia is mainly due to the retention of acid metabolites. 
The major sources of protons during myocardial ischaemia 
are glycolysis associated with the production of lactic acid, 
generation of C0 2 , and abnormal lipid metabolism (Opie et 
al 1973; Poole-Wilson, 1978). Steen et a/.(1995) found that, 
at pathophysiological^ relevant concentrations, protons 
played a dominant role in activating cutaneous afferents. 
Uchida & Murao (1975) reported that application of low 
concentrations (7*5-75 /tg ml" 1 ) of lactic acid preferentially 
stimulated cardiac unmyelinated C-fibre afferents but not 
myelinated afferents (the afferent response to ischaemia was 
not tested in this study). We have shown previously that 
exogenous lactic acid is capable of activating ischaemically 
sensitive afferent nerve endings innervating abdominal 
viscera (Stahl & Longhurst, 1992). The present study 
indicates that protons are primarily important in the 
activation of ischaemically sensitive afferents since sodium 
lactate (lactate ions) alone had no direct effect on this group 
of afferents. Our results also suggest that protons derived 
from lactic acid, but not from hypercapnia, stimulate 
cardiac sympathetic afferents in a concentration-dependent 
fashion. Unlike results from in vitro studies on cutaneous 
afferents (Steen et al 1992, 1995), we found that, although 
hypercapnia caused a similar reduction in epicardial pH to 
ischaemia, it did not stimulate cardiac afferents. This finding 
is consistent with our previous studies showing that hyper- 
capnia has no effect on abdominal visceral afferents (Stahl & 
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Longhurst, 1992). It is unclear why the response of visceral 
afFerents to protons derived from hypercapnia differs from 
that of cutaneous afFerents. This discrepancy may be due to 
the difference in the biochemical transduction mechanism 
of the afferent nerve endings (i.e. the generator potential of 
receptors) and/or the tissue type in which the nerve endings 
reside. Furthermore, it remains uncertain why protons from 
different sources have a different effect on the cardiac 
nociceptors. This disparity has been demonstrated in other 
visceral afferents, including abdominal sympathetic afferents 
and pulmonary afferents (Stahl & Longhurst, 1992; Hong 
et al. 1997). The lactate and proton exchange in the nerve 
endings may be important in activation of cardiac afferents 
during ischaemia (Schneider et al 1993). Thus, the 
combination of lactic ions and protons is probably a stronger 
stimulus for cardiac afferent endings, as has been 
demonstrated for pulmonary afferents (Hong et al 1997). 
This notion is supported by our finding that lactic acid 
stimulated cardiac sympathetic afferents to a much greater 
extent than acidic phosphate buffer solution, although both 
solutions caused a similar decrease in epicardial pH when 
applied to the surface of the heart. 

We observed that lactic acid stimulates ischaemically 
sensitive C-fibre afferent nerves but has a rare mild effect on 
ischaemically insensitive cardiac afferent nerves. The reason 
behind this unique action of lactic acid is not clear. A proton - 
induced current has been discovered in a subpopulation of 
rat dorsal root ganglion neurons, which is specifically gated 
by downward steps in extracellular pH (Bevan & Yeats, 
1989; Peterson & LaMotte, 1993). Indeed, the acid-sensing 
ionic channel expressed in the dorsal root ganglion and 
central neurons has been cloned recently (Waldmann et al 
1997). This channel type may exist mainly in ischaemically 
sensitive sensory nerve endings (Rang et al. 1991; Peterson 
& LaMotte, 1993), and could provide a molecular basis for 
activation of this group of cardiac afferents. 

In contrast to previous electrophysiological studies on 
cardiac afferents, our study assessed directly the role of 
endogenous protons in excitation of cardiac sympathetic 
afferents during ischaemia. Since the nerve endings of 
cardiac sympathetic afferents are mainly located near the 
epicardial surface and the isotonic neutral phosphate buffer 
was demonstrated to effectively prevent the epicardial pH 
change caused by ischaemia, this intervention was used to 
explore the role of protons in activation of cardiac afferents 
during ischaemia. Because topical saline application did not 
alter the response of cardiac afferents to ischaemia, it is 
unlikely that dilution of other metabolites contributed to 
the attenuating effect of the buffer on cardiac afferents. 
Although no histological measurements were made, we were 
confident that both the pH electrode and the receptive field 
of the afferents were located in the ischaemic zone for the 
following reasons. First, regional ischaemia was clearly 
indicated by visible cyanosis of the ischaemic zone during 



occlusion of the coronary artery. Furthermore, occlusion of 
the corresponding coronary artery always decreased the 
epicardial pH and increased the discharge frequency of 
afferents, confirming that the pH electrode and the afferent 
endings were indeed located in the ischaemic zone. In 
addition, in our experiments, all afferent nerve endings 
were precisely located on the surface of the heart using a 
stimulating electrode. Based on our previous experience 
(Pan & Longhurst, 1995; Huang et al 1995; Tjen-A-Looi et 
al 1998), the pH electrode was placed in the area in which 
most of the afferent endings are located (i.e. the anterior left 
ventricle). Thus, we believe that epicardial pH changes were 
closely related to afferent responses to ischaemia. This 
notion is also strongly supported by the data showing that 
buffering the epicardium (where the afferent ending was 
located) significantly attenuated the afferent responses to 
ischaemia. 

We recognize that, in addition to its direct stimulating 
effect on cardiac afferents, accumulation of protons in the 
ischaemic myocardium also may sensitize cardiac afferents 
in response to other stimuli, as demonstrated for cutaneous 
afferents (Steen et al 1992). Results from our study, however, 
cannot distinguish a stimulating vs. a sensitizing action of 
protons on cardiac afferents. It is likely that accumulating 
protons in ischaemic myocardium could contribute to 
activation of cardiac afferents through both direct and 
indirect actions. Furthermore, tissue ischaemia is a complex 
process and many ischaemic metabolites are produced during 
myocardial ischaemia. It is clear from the present study that 
endogenously produced protons are not entirely responsible 
for activation of cardiac sympathetic afferents during 
ischaemia since buffering the receptive field of afferents did 
not completely abolish the response of afferent endings to 
ischaemia. Considering the results from previous studies 
(Huang et al. 1995; Tjen-A-Looi et al. 1998), it is possible that 
protons interact synergistically with many other metabolites, 
such as oxygen-derived free radicals, bradykinin and 
prostaglandins, to fully stimulate cardiac sympathetic 
afferents during ischaemia. These ischaemic metabolites also 
may play a distinct role in afferent activation during different 
phases of ischaemia. For example, previous studies have 
shown that bradykinin is generated rapidly during brief 
ischaemia (Kimura et al. 1973), which may account for a 
short latency in the activation of afferent endings during 
ischaemia. Data shown in Figs 1 and 7 appear to suggest 
that protons play a more important role in activation of 
cardiac afferents when ischaemia is prolonged to more than 
1-2 min. Further studies are warranted to determine 
precisely the role of their interactions in ischaemia-induced 
activation of cardiac afferents. 

In conclusion, this study has provided important in vivo 
evidence that protons, probably derived from lactic acid 
but not from tissue hypercapnia, contribute to activation/ 
sensitization of cardiac sympathetic C-fibre afferents during 
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myocardial ischaemia. Our data suggest that increased 
production of protons/lactic acid during myocardial 
ischaemia is responsible for stimulation of the nerve endings 
of cardiac sympathetic afferents, which triggers perception of 
chest pain and, through a reflex mechanism, evokes 
excitatory cardiovascular responses and tachyarrythmias. 
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Acid-Evoked Currents in Cardiac Sensory Neurons 

A Possible Mediator of Myocardial Ischemic Sensation 

Christopher J. Benson, Stephani P. Eckert, Edwin W. McCleskey 

Abstract— Sensory neurons that innervate the heart sense ischemia and mediate angina. To use patch-clamp methods to 
study ion channels on these cells, we fluorescently labeled cardiac sensory neurons (CSNs) in rats so that they could 
later be identified in dissociated primary culture of either nodose or dorsal root ganglia (DRG). Currents evoked by a 
variety of different agonists imply the importance of lowered pH (^7.0) in signaling ischemia. Acidic pH evoked 
extremely large depolarizing current in almost all cardiac afferent neurons from the DRG (CDRGNs). In contrast, only 
about half of the unlabeled DRG neurons responded to acid, and their current amplitudes were much less than that in 
CDRGNs. In all respects tested — kinetics, selectivity, and pharmacology — the acid-evoked current was similar to that 
of previously described native and cloned acid-sensing ion channels. Cardiac afferents from the nodose ganglia differed 
from CDRGNs in having smaller acid-evoked currents but clearly larger currents evoked by ATP. Serotonin, 
acetylcholine, bradykinin, and adenosine elicited currents in fewer CSNs than did ATP or lowered pH, and the currents 
were relatively small. Capsaicin, an activator of small nociceptive sensory neurons that innervate skin, evoked only 
small and rare currents in CDRGNs. The extremely large amplitude and prevalent expression of acid-evoked current in 
CSNs imply a critical role for acidity in sensation associated with myocardial ischemia. (Ore Res. 1999;84:921-928.) 

Key Words: myocardial ischemia ■ cardiac sensory neuron ■ proton ■ whole-cell patch clamp 



Although much is understood about the effect of auto- 
nomic nervous system input to the heart, the cardiac 
sensory, or afferent, system and its role in physiological and 
pathological conditions are less well understood. Historically, 
the major impetus for research on the cardiac sensory system 
has been to find the source of cardiac pain, or angina. During 
the first half of this century, the neuroanatomical pathways of 
the cardiac sensory system were defined by clinical reports of 
surgical attempts to relieve angina and by experimental 
studies. 1 - 2 These studies revealed that the cardiac sensory 
neurons (CSNs) follow the sympathetic and vagal nerve tracts 
en route to the central nervous system (Figure 1). The cell 
bodies of those sensory axons following the sympathetic 
tracts are found in the upper thoracic dorsal root ganglia 
(DRG); those following the vagal tracts are located in the 
nodose ganglia. The sensory innervation of the fibrous and 
serous parietal pericardium, separate from that of the heart 
and epicardium, follows the phrenic nerves to the cervical 
DRG (C r C 5 ). 3 ' 4 

It has long been understood that cardiac pain is associated 
with myocardial ischemia, which causes oxygen supply/ 
demand insufficiency. 5 In various whole-animal preparations, 
occlusion of a coronary artery activates the cardiac afferent 
nerve fibers in the sympathetic 6-8 and vagal tracts. 9 - 10 Vari- 
ous substances released during myocardial ischemia have 
been implicated as chemical mediators of myocardial ische- 



mic sensation. Several of these substances have been shown 
to activate CSNs: ATP, 8 - 10 serotonin (5HT), 11 bradykinin 
(BK), 12 ' 13 and adenosine. 8 * 10 In turn, stimulation of sensory 
fibers elicits reflexes specifically mediated by the sympa- 
thetic tract 14 and by the vagal tract. 15 Still, the precise stimuli 
that are sensed during myocardial ischemia are incompletely 
understood (see Reference 1 6 for review). 

A likely contributor is acid. The heart is an organ of high 
metabolic activity and is susceptible to drops in pH during 
ischemia or hypoxia. It has been demonstrated that pH is 
lowered intracellularly 17 and extracellularly 18 * 19 in ischemic 
heart models and clinically in patients with coronary artery 
disease. 20 In dogs, lowered pH stimulates afferent cardiac 
sympathetic nerve fibers. 21 In another organ system, rat skin, 
acid plays a dominant role in exciting sensory neurons when 
compared with other potential chemical mediators of 
inflammation. 22 

Acid evokes depolarizing currents in sensory neurons 
studied in primary dissociated culture, 23 - 26 and a variety of 
different components are distinguished by kinetic criteria. 27 
Most components activate somewhere between pH 7 and pH 
6 and desensitize in response to a maintained stimulus. These 
desensitizing currents all have the unusual property of selec- 
tively passing Na + over K + about as effectively as voltage- 
gated Na + channels. In addition to the desensitizing, Na + - 
selective currents in DRG neurons, there is a sustained, 
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Figure 1. Illustration of the cardiac and pericardial sensory 
pathways. Cardiac sensory signals travel from terminals 
throughout the heart through both the sympathetic and the 
vagal nerve tracts en route to the central nervous system. 
Axons of some CSNs exit the heart via the sympathetic cardiac 
nerves and course through sympathetic ganglia (middle [MCG] 
and inferior cervical and upper thoracic) en route to their cell 
bodies, located in the lower cervical and upper thoracic DRG. 
Axons of other CSNs travel within the vagal nerve to their cell 
bodies in the nodose ganglia. Afferent neurons from the pericar- 
dium follow the phrenic nerves to their cell bodies in the DRG of 
the upper cervical region (C3-C5). 

nonselective current that is evoked by pH below 6.O. 26 The 
channels underlying these currents are believed to be the 
recently cloned acid-sensing ion channels (ASICs), which are 
members of the amiloride-sensitive Na + channel/degenerin 
family of cation channels. 28 

These acid-evoked currents may play a role in mediating 
the pain of cardiac and skeletal muscle ischemia and perhaps 
also of inflammation. It is difficult to explore this possibility 
in culture, because the sensory modality and the site of 
innervation of individual neurons are not known. The first 
goal of the present study was to fluorescently label CSNs in 
the rat so that they can later be distinguished from other 
sensory neurons in dissociated culture; we accomplished this 
using a retrogradely transported dye placed in the pericardial 
space. We found that acid evoked extraordinarily large 
currents in the cardiac afferent neurons from the DRG 
(CDRGNs) compared with other, unlabeled DRG neurons 
(UDRGNs). The very high expression of these currents in 
cells thought to be specialized for sensing ischemia suggests 
an important role of acid in mediating cardiac pain. 

Materials and Methods 
In Vivo Labeling of CSNs 
Surgical Preparation 

Sprague-Dawley rats (200 to 300 g) were anesthetized by intramus- 
cular injection of 1 mL/kg rat anesthetic (in mg/mL, ketamine 55, 



Figure 2. Fluorescent labeling of CSNs. A and B f Correspond- 
ing phase (A) and fluorescence micrograph (B) of an apical slice 
of myocardium 3 weeks after surgical injection of fluorescent 
dye into the pericardial space. C and D, Phase (C) and fluores- 
cence micrograph (D) of 2 CSNs in primary dissociated culture 
of DRG neurons. E and F, Phase (E) and fluorescence micro- 
graph (F) of a myocardial slice after an intramural injection of 
dye. Scale bars represent 0.5 mm for panels A, B, E, and F and 
0.25 mm for panels C and D. 

xylazine 5.5, and acepromazine 1.1). Each animal was intubated and 
respiration maintained with a rodent ventilator (Harvard model 683). 
The heart and thymus were exposed through a left lateral thoracot- 
omy at the fifth intercostal space. The thymus, with the anterior 
superior portion of the pericardium adherent to its undersurface, was 
gently retracted cephalad to better delineate the pericardium and 
pericardial space. Twenty-five microliters of a suspension of 17 
mg/mL of l,l'-dioctadecyI-3,3',3'-tetramethyl indocarbocyanine 
perchlorate (Dil; Molecular Probes) in saline solution was injected 
into the pericardial space. The rat pericardial membrane is thin and 
contains microscopic pores 29 ; thus, a suspension rather than solution 
of the lipophilic Dil was used to decrease the potential of leakage of 
dye from the pericardial space. After injection, the ribs were 
approximated, the thoracic cavity was evacuated, and the incision 
was closed in layers. The animals were cared for in accordance with 
the current Guide for the Care and Use of Laboratory Animals (US 
Public Health Service, Department of Health and Human Services) 
and guidelines of the Institutional Animal Care and Use Committee 
of Oregon Health Sciences University. 

Tissue Culture and Identification of Labeled CSNs 
During the 2- to 4-week postoperative period, Dil was carried 
through retrograde transport back to the cell bodies of the CSNs. The 
rats were then sacrificed, and the right and left dorsal root (C g -T 3 ) 
and nodose ganglia were collected. The ganglia were dissociated and 
cultured as previously described, except that the Percoll spin was 
omitted. 30 In brief, the ganglia underwent enzymatic dissociation 
successively in papain and collagenase/dispase solutions; this was 
followed by trituration in Hanks solution. The cells were then plated 
on polylysine- and laminin-coated plastic in F12 medium plus nerve 
growth factor (50 ng/mL) at 37°C in 5% C0 2 . After several hours, 
the medium was changed to LI 5 plus nerve growth factor, and the 
cells were maintained at 22°C in air. CSNs were identified by 
fluorescence microscopy (Figure 2C and 2D). From the animals that 
underwent the pericardial space injection preparation, the following 
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Number of Labeled DRG Neurons Per Dye Injection Site 


Injection Site 


No. of Labeled DRG (C fl -T 3 ) 


Pericardial space (n=9) 


75 to 189 (mean=124) 


Intramural myocardium (n=7) 


0 to 7 (mean =1.86) 


Left pleural space (n=1) 


28 


Right ventricular chamber (n=1) 


4 


Left ventricular chamber {n=1) 


0 



3 populations of sensory neurons were obtained for study: (1) labeled 
CDRGNs, (2) UDRGNs, and (3) labeled neurons from the nodose 
ganglia (CNodNs). 

Control Experiments 

To check for dye leakage from the pericardium and to explore the 
effects of labeling at different injection sites, we performed several 
control procedures. First, after a pericardial space injection, the heart 
and lungs were sectioned at the time of euthanization and viewed 
under a fluorescence microscope. Whereas the heart consistently 
displayed confluent fluorescence over the epicardium (Figure 2 A and 
2B), the surface of the lungs contained only an occasional isolated 
crystal of dye. Next, to test whether dye leakage from the pericardial 
space would cause significant contamination, we intentionally in- 
jected dye in the following sites in separate animals: the left pleural 
space, the left ventricular chamber, or the right ventricular chamber. 
As expected, sectioning of the lungs after injecting into the right 
ventricular chamber revealed confluent pulmonary vascular emboli- 
zation of the dye. Next, in an effort to label sensory nerve terminals 
deeper within the myocardium, we stabilized the heart with sutures 
and made several intramural injections into the left ventricular 
myocardium (Figure 2E and 2F). 

The numbers of labeled sensory neurons obtained in culture of the 
DRG after the various injection experiments are listed in the Table. 
The pericardial space injection resulted in a significantly greater 
number of labeled neurons in the DRG than the various control 
injection site experiments. Thus, despite the potential for dye leakage 
from the pericardial space, it would cause little contamination 
because relatively few cells were labeled with intentional injection 
into the pleural space. Because of the low number of neurons labeled 
by the intramural injections, we abandoned this experimental prep- 
aration. The number of nodose ganglion neurons labeled by the 
pericardial space injection was not quantified; however, there ap- 
peared to be a higher fraction of labeled cells in the nodose ganglion 
(~10%) than in the DRG (~1%) cultures. 

Whole-Cell Patch-Clamp Recording 

Whole-cell currents were recorded with an EPC-9 amplifier (HEKA 
Elektronik). For most experiments, pipettes of 2- to 4-MH resistance 
were filled with KG internal solution containing (in mmol/L) KC1 
100, EGTA 10, HEPES 40, MgCl 2 5, Na 2 ATP 2, and Na 3 GTP 0,3, 
adjusted to pH 7.4 with KOH unless otherwise stated. For the 
monovalent permeability experiments, NaCl replaced KC1 in the 
internal solution, and pH was adjusted with NaOH; high internal Na + 
eliminated contamination by large, outward K + currents. For the 
Ca 2+ permeability experiments, the internal solution consisted of 
(in mmol/L) AT-methyl glucamine 90 (titrated with HC1), NaCl 10, 
EGTA 10, HEPES 40, MgCl 2 5, Na 2 ATP 2, and Na 3 GTP 0.3, pH 
adjusted with tetramethylarnmoniurn (TMA)-OH. Our strategy was 
to measure relative Na + and Ca 2+ permeability by using similar Na + 
and Ca 2+ activities inside and outside the cell, respectively. Standard 
extracellular solutions contained (in mmol/L) NaCl 130, KC1 5, 
CaCl 2 2, MgCl 2 1, HEPES 10, and MES 10, pH adjusted with 
TMA-OH. TMA-C1 was added to the various pH solutions to 
equalize the concentration of TMA. For the monovalent permeability 
experiments, the extracellular solutions consisted of (in mmol/L) 
NaCl (or KC1, NaCH 3 S0 3 , or CsCl) 130, CaCl 2 2, MgCl 2 1, HEPES 
10, and MES 10; pH was adjusted with NaOH, KOH, or CsOH. For 
the Ca 2+ permeability experiments, external solutions consisted of 



(in mmol/L) AT-methyl glucamine 120 (titrated with HC1), HEPES 
10, MES 10, and CaCl 2 10 or 30. For experiments on Ca 2+ block, 
external solutions consisted of (in mmol/L) NaCl 130; HEPES 10; 
MES 10; and CaCl 2 1, 2, or 10. The series resistance ranged from 3 
to 7 MH, and it was compensated by ~50%. 

All dose-response curves were made by random-order application 
of various concentrations at 30-second intervals. Solutions were 
applied through an array of 1- or 10-/aL pipes positioned «*50 fim 
from the cell under 40 cm of water pressure. Rapid solution 
exchanges were controlled via computer-driven solenoid valves and 
were accomplished within 5 ms as measured by an osmotically 
induced change in current (Figure 5A). Cells were held at -70 mV 
unless otherwise stated. Experiments were performed at room 
temperature («22°C). We studied most cells after 1 to 2 days in 
culture; however, some experiments were done on cells cultured up 
to 7 days. We saw no obvious difference in the responses of cells 
cultured for longer times. 

Data Analysis 

The equation 7(H + )= 1/{1 +(^ 05 /[H + ]) n }, where pH at half- 
maximal response is -log K 0 ,s> and / is the current at a given 
proton concentration, [H + ], was best- fit to the dose-response data 
using the program NF1T (University of Texas Medical Branch, 
Galveston, TX), a least-squares algorithm. PulseFit (HEKA 
Elektronik) was used to determine the time constants of current 
activation and desensitization, fit to a single exponential. Igor 
software (WaveMetrics, Inc) was used to curve-fit the time of 
recovery from desensitization. Permeability ratios were calcu- 
lated from reversal potentials using the Goldman-Hodgkin-Katz 
equation. 31 P^'.Pk was calculated from the change in reversal 
potential (AE^) when K + replaced Na + in the external solution: 
AE rev =(/J77F)ln{ J P N . + [Na + ] 0 // > K+ [K + ] 0 }, where T is absolute tem- 
perature, R and F are gas and Faraday constants, respectively, and 
brackets indicate concentrations. P^iPc* was calculated from the 
absolute reversal potential with Na + and Ca 2+ as the only current 
carriers inside and outside the cell, respectively, using the 
following equation: £ rev =(^r/2F)ln{4P C!2+ [Ca 2+ ] 0 // > Nll+ [Na + ] i }. 
Data are reported as mean±SEM. Statistical analysis was per- 
formed with an unpaired / test. A value of P<0.01 was considered 
statistically significant. 

Results 

Response of CSNs to Chemical Stimuli 

To study the response of CSNs to potential chemical media- 
tors of ischemia, the following chemicals were each dissolved 
in an external solution of pH 7.4: in jxmol/L, ATP 30, 32 5HT 
30, 33 capsaicin l, 34 acetylcholine (ACh) 200, 35 and adenosine 
200, 37 as well as 500 nmol/L BK. 36 The concentrations 
chosen for each compound produced maximal responses in 
our experiments and in the references cited. The largest 
measured currents (8.58 ± 1.44 nA) were consistently evoked 
(93%) by acid applied to CDRGNs (Figure 3). A smaller 
percentage of UDRGNs (54%) and CNodNs (74%) re- 
sponded to acid, and the cells that responded displayed 
significantly smaller currents (3. 48 ±1.10 nA in UDRGNs 
and 1.15±0.23 nA in CNodNs; P<0.01 versus pH-evoked 
current in CDRGNs) (Figure 3B and 3C). These differences 
between cell populations refer to the amplitude of transient 
acid-evoked current (see below); the sustained component 
evoked by very low pH was seen in virtually every neuron 
and did not distinguish different cell populations. 

Another consistent and large response (4.87±0.59 nA) was 
evoked by ATP acting on ion channels called P2X receptors 
in CNodNs. The current was slow activating and only 
partially desensitized (data not shown), which is indicative of 
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Figure 3. CSNs respond to a variety of chemical activators. A, 
Representative currents evoked by application of various chemi- 
cals to CDRGNs. Note the different scale bars and application 
times. Each of the test solutions was applied to cells, in random 
order, for a minimum of 3 seconds; a longer application was 
made if needed to see the peak current amplitude. Control solu- 
tion flowed onto the cells for 30 seconds between chemical 
applications. B, Percentages of CDRGNs, UDRGNs, and 
CNodNs that responded to the following: pH 5.0; (in jimol/L) 
ATP 30, 5HT 30, capsaicin 1 , ACh 200, and adenosine 200; and 
500 nmol/L BK. A positive response was defined as an evoked 
current >50 pA. For pH response, the number of CDRGNs 
studied was 29; UDRGNs, 22; and CNodNs, 19. Not all of the 
cells studied were tested for all chemicals; each bar represents 
at least 1 2 cells. C, Mean current amplitudes of the responding 
neurons. Data are mean±SEM. *P<0.01 vs pH-evoked current 
in CDRGNs. Cap indicates capsaicin; Aden, adenosine. 



the heteromeric combination of P2X2 and P2X3 receptor 
subtypes previously described in nodose neurons. 38 In con- 
trast, the ATP-evoked currents in CDRGNs and UDRGNs 
were substantially smaller and consisted primarily of a 
fast-activating and fast-desensitizing current (Figure 3A), 
which suggests either the P2X1 or P2X3 receptor subtypes. 39 
CSNs sometimes responded to the other chemicals indicated 
in Figure 3; however, they did so inconsistently, and the 
amplitude of evoked currents in the responders was much 
smaller than with either pH or ATP (Figure 3B and 3C). 

Biophysical and Pharmacological Properties of 
Acid-Evoked Currents in CDRGNs 

The exceptionally large amplitude and prevalence of the 
transient acid-evoked current in CDRGNs suggests its signif- 
icance in sensing cardiac ischemia. Therefore, we character- 
ized its biophysical and pharmacological properties to see 
how these compared with the variety of acid-evoked currents 
seen in sensory neurons. 23-26 In short, we found no properties 
unexpected from those described in the literature. 
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Figure 4. Activation and desensitization of acid-evoked currents 
in CDRGNs. A, Typical currents evoked by applying various pH 
solutions to a CDRGN. Note the transient, fast-activating, and 
fast-desensitizing current that is evoked by relatively low proton 
concentrations. At higher proton concentrations, a nondesensi- 
tizing, sustained current is evoked. Resting pH=8.0 at -70 mV. 
B, Superimposed currents evoked by pH 5.0 from varying rest- 
ing pH values. The resting pH was applied for at least 3 sec- 
onds. C, Dose-response data for acid-evoked transient (•, n=6) 
and sustained (▲, n=6) currents. O indicates data obtained 
using the desensitization protocol shown in panel B (n=7). Tran- 
sient responses are normalized to the peak current obtained 
from application of pH 5.0 from a resting pH of 8.0. The sus- 
tained responses are normalized to the saturation level of the 
curve fit. Curves are best fits of the Hill equation, /(H + )=1/ 
{1+[^oV(H + )] n } (activation), or /(H + )=1/{1+[(H + )/KoJ n } (desensiti- 
zation). Half-activation values were pH 6.6 (transient) and pH 3.7 
(sustained); half-desensitization was pH 7.2. Hill coefficients (n) 
were 2.5 (transient activation), 1 .2 (sustained activation), and 2.6 
(transient desensitization). Boxed inset magnifies the region 
where the transient activation and desensitization curves over- 
lap. Points represent mean±SEM. 

A drop in pH to 7.0 reproducibly evoked a transient, 
rapidly activating and rapidly desensitizing current in 
CDRGNs (Figure 4A and 4C). This transient current was 
half-activated by a pH step to 6.6 and half-desensitized by 
preincubation at pH 7.2 (Figure 4C). The Hill coefficient of 
the activation curve was 2.5. A smaller, nondesensitizing 
current was evoked by more extreme decreases in pH (^6). 
The activation curve for this current is fitted with a pH 0 . 5 of 
3.7. The combination of transient and sustained components 
at low pH has previously been seen in unlabeled rat sensory 
neurons. 26 * 27 

Varying the pH before a test stimulus of pH 5 revealed that 
a significant fraction of the transient current is desensitized at 
a resting pH of 7.4 (Figure 4B). This is consistent with the 
previous demonstration that acid-evoked channels need not 
open to desensitize. 25 The steady-state desensitization and 
activation curves show clear overlap in the vicinity of pH 7 
(Figure 7C and inset), suggesting that the channel can 
generate a standing current at pH 7. 

A closer look at the time constants of activation and 
desensitization of the transient currents in CDRGNs revealed 
multiple transient components (Figure 5), as noted by Krish- 
tal and Pidoplichko. 27 Most cells exhibited a rapidly activat- 
ing and desensitizing current, but some had a current that was 
10-fold slower. The fast and slow transient currents were not 
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Figure 5. Kinetics of acid-evoked transient currents in 
CDRGNs. A, Typical transient current evoked by pH 6.8. Trace 
on the right is a shorter pH application to the same cell, dis- 
played on a faster time scale to demonstrate the fast activation. 
Top right trace shows the measured time course of pH applica- 
tion (see Materials and Methods). B, In a small subpopulation of 
CDRGNs, acid evoked a different transient current with slower 
activation and desensitization. Left and right scale bars corre- 
spond to left and right traces for both panels A and B. C t Acti- 
vation, desensitization, and recovery from desensitization are 
each faster in the fast transient (•) than the slow transient (O) 
current. Time constants for activation and desensitization at var- 
ious pH solutions are from exponential fits to the rising and fall- 
ing phase of currents, as in panels A and B. Recovery times are 
at pH 7.4. Horizontal axis indicates interval at pH 7.4 spent 
between 2 pulses to pH 6.8. The first pulse completely desensi- 
tizes the current, and the second tests the extent of recovery. 
Vertical axis is the relative amplitude of currents evoked by the 
second and first pulses. Time constants of the exponential fits 
are 0.44 and 6.8 seconds for the fast and slow currents, 
respectively. 

exclusive; a few neurons displayed both currents, which was 
evident as biphasic activation and/or desensitization. These 
ceils were not included in the analysis of time constants. The 
rate of recovery from desensitization differed for the fast and 
slow transient currents in CDRGNs (Figure 5C). In a control 
solution of pH 7.4, the fast transient current recovered with 
t=0.44 seconds, and the slow transient current recovered 
with t=6.8 seconds. 

The fast transient current is Na + selective but Ca 2+ perme- 
able (Figure 6). With the usual internal (high K + ) and external 
(high Na + ) solutions, the reversal potential was in the vicinity 
of +50 mV (data not shown). To quantify the evident 
preference for Na + over K + , we measured reversal potentials 
with Na + as the internal ion (see Materials and Methods). The 
reversal potential shifted -50 ±1.2 mV when K + replaced 
Na + , corresponding to a P^JPk of 6.8. 

Current-voltage relationships measured in 10 mmol/L ex- 
tracellular Ca 2+ with 15 mmol/L intracellular Na + displayed 
an average reversal potential of -47.2±1.2 mV (n=7), 
corresponding to a P^JPc* of 105 (Figure 6C). In all cells, 
current amplitude increased when [Ca 2+ ] was increased from 




Figure 6. Fast transient acid-evoked currents in CDRGNs are 
Na + selective. A, Transient currents evoked by applying pH 5.0 
during steps to various membrane potentials in an extracellular 
solution of NaCI (left) or KCI (right). Internal solution was NaCI. 
B, Current vs voltage curves from the data in panel A. Data 
points indicate differences between currents at pH 7.4 and 5.0. 
The mean shift in reversal potential was -50 ±1.2 mV (n=3); 
thus, PNa/P k =6.8. C, Currents evoked by pH 6.0 at the indicated 
potentials in 10 Ca 2+ (external) and 15 Na + (internal). Mean 
reversal potential was -47.2±2.3 mV (n=7); thus, P N a/^ca=105. 

10 to 30 mmol/L (n=7; amplitude increase varied from 28% 
to 725%; data not shown). Thus, as previously shown, 40 the 
current can be carried by Ca 2+ . To determine whether the 
acid-evoked currents are blocked by millimolar extracellular 
Ca 2+ , as seen in some native 24 - 25 and cloned 41 channels, we 
measured Na + currents elicited by pH 6.0 in 1, 2, and 
10 mmol/L Ca 2+ . There was no change in amplitude (n=5; 
data not shown); therefore, the current was not blocked by 
millimolar Ca 2+ concentrations. 

The fast transient and sustained current components differ 
in 2 respects: ion selectivity (Figure 7A) and pharmacology 
(Figure 7B). Both components are cation selective, because 
they were unchanged when extracellular C\~ was replaced 
with the impermeant anion CH 3 S0 3 ~. Replacement of extra- 
cellular Na + with Cs + revealed that the transient current does 
not readily pass Cs + , whereas the sustained current does. 
Thus, as previously described in UDRGNs, 26 the transient 
current is selective for Na + , whereas the sustained current is 
a nonselective cationic current. 

Amiloride, a K + -sparing diuretic that has been shown to 
block proton-activated currents in mouse neuroblastoma 
cells, 42 blocked the fast transient current (IC 50 =9.2 u>mol/L) 
but not the sustained current (Figure 7B). This difference is 
consistent with one of the ASICs. 43 The slow transient current 
was similarly inhibited by amiloride (data not shown). The 
amiloride derivative ethylisopropylamiloride inhibited the 
fast transient current with an IC 50 of 37.6 jjimol/L (data not 
shown). These blocking concentrations are «* 1 00-fold greater 
than those needed to block the epithelial amiloride-sensitive 
Na + channel 44 and are high enough to block unrelated ion 
channels 42 
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Figure 7. Fast transient and sustained acid-evoked currents in 
CDRGNs differ in ion selectivity and in amiloride sensitivity. A, 
Superimposed acid-evoked currents in NaCI and NaCH 3 S0 3 
(left). Both the transient and sustained acid-evoked currents 
were unchanged when extracellular Cl~ was replaced with the 
impermeable anion CH 3 S0 3 ~. Thus, neither current is carried by 
anions. Right, Currents evoked in extracellular solutions contain- 
ing either NaCI or CsCI. Transient current is more permeable to 
Na + than Cs + , whereas the sustained current is more permeable 
to Cs + than Na + . B, Left, currents evoked by pH 5.0 and by pH 
5.0 plus 100 /xmol/L amiloride (*). The transient current was sig- 
nificantly reduced by amiloride, whereas the sustained current 
was unchanged. Right, dose-response curve for amiloride on 
current evoked by a pH change from 7.4 to 6.8. 
lCso-9.2 /xmol/L (n=5). 

Discussion 

There are 4 key findings in this study, as follows. (1) We 
describe a method to distinguish CSNs from neurons of other 
sensory modalities in primary dissociated tissue culture. (2) 
Compared with other sensory neurons, CDRGNs have ex- 
tremely large currents evoked when pH drops to 7.0 or below. 
(3) CNodNs have smaller acid-evoked currents, but larger 
ATP-evoked currents than CDRGNs. (4) Other than its large 
amplitude, the acid-evoked current in CSNs has no biophys- 
ical or pharmacological properties that are not predicted by 
previous studies of acid-evoked currents in sensory neurons. 
The large amplitude indicates the importance of acid in 
mediating pain due to cardiac ischemia, but it certainly does 
not imply that other potential mediators are unimportant. 

Isolation of CSNs 

As described in Materials and Methods, considerable effort 
was made to validate this preparation. Each of the control 
injection experiments resulted in significantly fewer labeled 
neurons compared with the pericardial space injections; this 
lends support to our assertion that we have specifically 
labeled and isolated CSNs. Finally, the different responses 
between the labeled DRG neurons and UDRGNs in our 
whole-cell patch-clamp experiments provide further evidence 
that we have isolated a distinct subgroup of sensory neurons 
from the DRG population at large. 

Although neuroanatomy was not the primary focus of this 
study, some anatomical information can be gleaned from our 
data. The number of labeled neurons we obtained was 
consistent with previous neuroanatomical studies in the rat in 



which fluorescent tracers were injected into the pericardial 
space. 4 - 45 In contrast to the large number of labeled neurons 
appearing after pericardial space injections, we found rela- 
tively few labeled neurons after intramural injections. This 
may reflect either less tissue exposure to dye compared with 
the pericardial space injection or a true paucity of nerve 
terminals within the rat intramural myocardium. The endo- 
cardial layers were not labeled in our study. Interestingly, in 
a dog preparation, myocardial ischemia caused cardiac sym- 
pathetic afferent firing only if the ischemia was transmural 
and involved the superficial epicardial layers. 10 

Chemical Activation of CSNs 

Several insights arise from a comparison of responses to 
different agonists in the different cell populations that we 
isolated. Most importantly, modest decreases in extracellular 
pH (ie, to pH 7.0 or below) evoke exceptionally large currents 
in almost all epicardial CDRGNs. In contrast, and as reported 
previously, 26 * 27 only ^50% of UDRGNs respond to acid; 
those that did respond had much smaller average currents 
than CDRGNs. 46 

Cardiac afferents with cell bodies in the DRG differed 
from those in the nodose ganglia. CNodNs had significantly 
smaller acid-evoked currents and larger ATP-evoked currents 
than CDRGNs. This raises the possibility that the 2 cell 
populations sense different chemical signals during cardiac 
ischemia. 

There are 2 classes of molecules that are proposed to sense 
changes in extracellular pH in sensory neurons: ASICs and 
vanilloid (capsaicin) receptors. Vanilloid receptors are acti- 
vated by noxious heat and by capsaicin (the compound in 
pepper that tastes "hot"); also, current through vanilloid 
receptors is strongly increased by acidic pH. 34 - 47 Therefore, it 
is considered that vanilloid receptors, in addition to sensing 
heat, may mediate sensory responses to acidity caused by 
inflammation and ischemia. The neurons we isolated detect 
cardiac ischemia, yet only a small fraction exhibit capsaicin- 
activated current, and those that do respond have small 
currents compared with UDRGNs. In contrast, almost all 
exhibit grossly large currents through ASICs. These results 
argue that ASICs are more important than vanilloid receptors 
for sensing myocardial ischemia. 

5HT evoked currents that were substantial in cardiac 
afferents, but they were still smaller than the acid- or 
ATP-evoked currents. Various cells that contribute to the 
immune response to tissue damage release 5HT, so these 
currents may provide a means of communication between 
immune cells and CSNs. 

Of the chemicals tested, protons, ATP, 5HT, and capsaicin 
activate ion channels (the ASICs, 28 P2X receptors, 38 * 39 5HT3 
receptor, 33 and vanilloid receptors, 34 respectively) that are 
presumed to serve as sensory transducers in sensory neurons. 
No current was ever evoked by ACh, but currents were 
occasionally seen in response to BK or adenosine. We do not 
infer anything from the relatively rare and small currents 
evoked by these compounds, because they do not directly 
gate ion channels in sensory neurons; in fact, adenosine 
inhibits a Ca 2+ -activated K + channel. 37 The current we saw 
presumably arose from modulation of a channel by an 
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intracellular signaling cascade; the importance of this may be 
understated by simply comparing the amplitude with those of 
channels directly gated by protons, ATP, or 5HT. 

Physiological and Pathophysiological Significance 

CSNs respond to lowered pH (in the range produced by 
myocardial ischemia) with consistent and robust depolarizing 
currents; this suggests that acid is a potential mediator of 
myocardial ischemic sensation. 

In humans, the only conscious sensation from the heart is 
pain or angina, which most commonly occurs during myo- 
cardial ischemia. However, objective measurements of myo- 
cardial ischemia often do not correlate with the presence or 
severity of chest pain. In fact, ambulatory electrocardio- 
graphic monitoring in patients with myocardial ischemia has 
revealed that the majority of ischemic episodes are not 
reported as painful. 48 Attempts to model ischemic cardiac 
pain in animals have produced variable results. The pseudoaf- 
fective measures of pain in these behavioral studies correlate 
poorly with sensory neuronal activation. 13 * 16 - 49 Thus, it is 
reasonable to conclude that activation of CSNs with acid does 
not equate with nociception. For example, in patients with 
"silent" ischemia (defined as objective myocardial ischemia 
that is painless), there is evidence of sensory activation to the 
level of the thalamus, whereas patients with typical angina 
have additional activation of the cerebral cortex. 50 Thus, the 
conscious perception of chest pain most certainly involves 
complex central processing and integration at multiple levels, 
and activation of CSNs is probably necessary but not suffi- 
cient to produce pain. Regardless, ischemia- or acid-induced 
activation of CSNs, whether painful or not, may be an 
important initiator of cardiovascular reflexes in pathological 
cardiac conditions. 

A broad range of cardiovascular disease processes, includ- 
ing myocardial ischemia, 51 congestive heart failure, 52 and 
arrhythmias, 53 are precipitated or worsened by perturbations 
in the autonomic nervous system. Much of the current 
pharmacological therapies are directed toward blocking the 
compensatory, but often deleterious, neurohormonal systems 
that are activated in these diseases. In human skeletal muscle, 
ischemia-induced acidic pH is coupled with sympathetic 
efferent nerve discharge. 54 Also, abdominal visceral ischemia 
leads to profound cardiovascular reflex changes, the degree of 
which appears related to the level of the resulting acidosis. 55 
A similar acid-evoked reflex loop may exist in the heart and 
contribute to the detrimental effect of sympathetic activation 
in myocardial ischemic conditions. Specific blockade of 
acid-evoked activation of CSNs presents a potential new 
therapeutic management strategy in the treatment of ischemic 
heart disease. 
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Summary 

Acidosis is associated with inflammation and ischemia 
and activates cation channels in sensory neurons. In- 
flammation also induces expression of FMRFamide- 
like neuropeptides, which modulate pain. We found 
that neuropeptide FF (Phe-Leu-Phe-Gln-Pro-GIn-Arg- 
Phe amide) and FMRFamide (Phe-Met-Arg-Phe amide) 
generated no current on their own but potentiated 
H + -gated currents from cultured sensory neurons and 
heterologously expressed ASIC and DRASIC channels. 
The neuropeptides slowed inactivation and induced 
sustained currents during acidification. The effects 
were specific; different channels showed distinct re- 
sponses to the various peptides. These results sug- 
gest that acid-sensing ion channels may integrate 
multiple extracellular signals to modify sensory per- 
ception. 

Introduction 

FMRFamide (Phe-Met-Arg-Phe amide) and related pep- 
tides comprise a family of neuropeptides that are abun- 
dant in many invertebrates, including Caenorhabditis 
elegans (Nelson et al., 1998), Aplysia califomica (Green- 
berg and Price, 1992), and Drosophila meianogaster 
(Schneider and Taghert, 1988). In these organisms, 
FMRFamide-like neuropeptides act as neurotransmit- 
ters and neuromodulators. At least one gene encoding 
FMRFamide-related peptides is present in mammals; it 
produces neuropeptide FF (Phe-Leu-Phe-Gln-Pro-Glh- 
Arg-Phe amide) and neuropeptide AF (A18Famide) (Perry 
et al., 1997; Vilim et al., 1999). Although FMRFamide 
itself has not been discovered in mammals (Yang et al., 
1985), administration of FMRFamide induces a variety 
of physiologic effects, including alterations in blood 
pressure, respiratory rate, glucose-stimulated insulin re- 
lease, and behavior (Mues et al. f 1982; Sorenson et al., 
1984; Kavaliers and Hirst, 1985; Raffa et al., 1986; Kava- 
liers, 1987; Telegdy and Bollbk, 1987; Thiemermann et 
al., 1991; Muthal et al., 1997; Nishimura et al., 2000). In 
mammals, FMRFamide and neuropeptide FF also mod- 
ify the response to painful stimuli, and neuropeptide FF 
is induced by inflammation (Tang et al., 1984; Yang et 
al., 1985; Raffa and Connelly, 1992; Kontinen etal., 1997; 
Vilim et al., 1999). When FMRFamide or neuropeptide 
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FF is injected intracerebroventricularly, it elicits hyperal- 
gesia and a reduction in morphine-induced analgesia 
(Tang et al., 1984; Yang et al., 1985; Kavaliers, 1987; 
Raffa, 1988; Brussaard et al., 1989; Roumy and Zajac, 
1998). In addition, FMRFamide-like immunoreactive ma- 
terial is released in mammals following chronic mor- 
phine administration, and anti-FMRFamide antibodies 
can enhance morphine's effects (Tang et al., 1984; De- 
villers et al., 1995). However, when administered intra- 
thecal^, these peptides can have an analgesic effect 
thought to be mediated through opioid receptors (Raffa, 
1988; Raffa and Connelly, 1992; Gouard6res etal., 1993; 
Roumy and Zajac, 1 998). 

Some effects of FMRFamide and neuropeptide FF 
appear to be mediated through opioid receptors; these 
effects are blocked by the opioid antagonist naloxone 
(Kavaliers and Hirst, 1985; Kavaliers, 1987; Raffa, 1988; 
Gouarderes et al., 1993; Roumy and Zajac, 1998). Yet, 
other effects of FMRFamide and FMRFamide-related 
peptides are independent of opioid receptors and are 
insensitive to naloxone (Gayton, 1982; Raffa etal., 1986; 
Kavaliers, 1987; Raffa, 1988; Allard et a!., 1989; Roumy 
and Zajac, 1998). In mammals, the nonopioid receptor(s) 
for FMRFamide and related peptides has not been iden- 
tified, and it is not known how these peptides modulate 
pain sensation. However, the discovery of a FMRFamide- 
activated Na + channel (FaNaCh) in the mollusc Helix 
aspersa (Lingueglia et al., 1995) provided a clue that 
similar receptors might exist in mammals. 

Unlike many neuropeptide receptors, FaNaCh is an ion 
channel gated directly by its peptide ligand, FMRFamide 
(Lingueglia et al., 1995). The neuropeptide receptor 
FaNaCh is a member of the DEG/ENaC family of chan- 
nels. DEG/ENaC channels are homo- or heteromultimers 
composed of multiple subunits (Bassilana et al., 1997; 
Lingueglia et al., 1997; Coscoy et al., 1998; Waldmann 
and Lazdunski, 1998). Each subunit contains two trans- 
membrane domains separated by a large, extracellular, 
cysteine-rich domain and cytosolic N and C termini (Wald- 
mann and Lazdunski, 1998). DEG/ENaC channels are 
not voltage gated and are cation selective (usually Na + > 
K + ). FaNaCh is the only known DEG/ENaC channel that 
acts as a neuropeptide receptor. Other members of this 
family are involved in mechanosensation, salt taste, and 
epithelial Na + absorption (Schild et al., 1995; Snyder et 
al., 1995; Lindemann, 1996; Mano and Driscoll, 1999). 
Although a mammalian FaNaCh has not yet been iso- 
lated, mammals do possess multiple DEG/ENaC family 
members. Interestingly, one subset of this channel fam- 
ily, the acid-sensing ion channels, has been postulated 
to play a role in sensory perception and may, like 
FMRFamide, play a role in pain perception (Waldmann 
and Lazdunski, 1998). The acid-sensing DEG/ENaC 
channels respond to protons and generate a voltage- 
insensitive cation current when the extracellular solution 
is acidified. 

The tissue acidosis associated with inflammation, in- 
fection, and ischemia causes pain (Reeh and Steen, 
1996). Acidosis also generates proton-dependent tran- 
sient and sustained Na + currents in cultured sensory 
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neurons (Krishtal and Pidoplichko, 1981; Davies et al., 
1988; Akaike et al., 1990; Kovalchuk Yu et al., 1990; 
Bevan and Yeats, 1991; Akaike and Ueno, 1994). Al- 
though the molecular identity of the channels responsi- 
ble for these currents is unknown, they have been hy- 
pothesized to be acid-sensing members of the DEG/ 
ENaC protein family based on their ion selectivity, volt- 
age insensitivity, and expression pattern (Bassilana et 
al., 1997; Lingueglia et al., 1997; Waldmann et al., 1997a, 
1997b; de Weille et al., 1998; Babinski et al., 1999). The 
acid-sensing ion channels include the brain Na + channel 
1 (BNC1, also known as MDEG, BNaC1 , and ASIC2) and 
its differentially spliced isoform, MDEG2 (Price et al., 
1996; Waldmann et al., 1996; Garcfa-Anoveros et al., 
1 997; Lingueglia et al., 1 997); the acid-sensing ion chan- 
nel (ASICa, also known as BNaC2 and ASICl) and its 
differentially spliced isoform, ASICfS (Waldmann et al., 
1997b; Chen et al., 1998); and the dorsal root acid- 
sensing ion channel (DRASIC, also known as ASIC3) 
(Waldmann et al., 1997a; de Weille et al., 1998; Babinski 
et al., 1999). BNC1, MDEG2, ASICa, and DRASIC are 
expressed in the central nervous system (Lingueglia et 
al„ 1997; Waldmann et al., 1997b; Chen et al., 1998; 
Olson et al., 1998). ASICa, ASICfJ, DRASIC, and MDEG2 
are expressed in sensory neurons of the dorsal root 
ganglia (DRG) (Waldmann et al., 1 997a; Chen et al., 1 998; 
Olson et al., 1998; Babinski et al., 1999). 

We hypothesized that FMRFamide or FMRFamide 
like-neuropeptides might modulate pH-deperident cur- 
rents in DRG neurons. This hypothesis was based on the 
ability of FMRFamide and related peptides to modulate 
pain perception, the potential connections between 
painful stimuli and the acid-gated currents in DRG neu- 
rons, and the sequence similarity between FaNaCh and 
the acid-sensing ion channels expressed in sensory 
ganglia. 

Results 
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Figure 1 . Proton -Gated Currents in Rat DRG Neurons Are Modulated 
by FMRFamide 

(A) Trace of proton-gated whole-cell current; FMRFamide (100 \lM) 
and pH 5 solution were present in bath during time indicated by bars. 
Unless otherwise indicated, pH was 7.4; n = 8. 

(B) Naloxone (100 jlM) was present during time indicated by bar; 
n = 3. 

(C) Morphine (50 p.M) and FMRFamide (50 m.M) were added as indi- 
cated; n = 3. 

(D) Neuropeptide FF (NPFF) (50 ^iM) and FMRFamide (50 jxM) were 
present at times indicated by bar; n - 5. 



FMRFamide Modulates Proton-Gated Current 
in Rat DRG Neurons 

We used whole-cell patch-clamp recordings to investi- 
gate the effect of FMRFamide on proton -gated currents 
in cultured rat DRG neurons. As previously reported 
(Krishtal and Pidoplichko, 1981; Akaike et al., 1990; Ko- 
valchuk Yu et al., 1990; Akaike and Ueno f 1994), acidifi- 
cation to pH 5 produced rapidly activating and inactivat- 
ing currents in the sensory neurons (Figures 1A-1D). 
FMRFamide added alone generated no response from 
any of the neurons tested. However, after FMRFamide 
addition (50-100 u,M) t the inactivation of proton-depen- 
dent currents slowed, and in many neurons there was 
a sustained current in the continued presence of acid 
(Figures 1A and 1B). the presence of the neuropeptide 
immediately before acidification also altered inactiva- 
tion (Figures 1 C and 1 D); we examine this further below. 

Some effects of FMRFamide are thought to be medi- 
ated through activation of opiate receptors (Raffa, 1988; 
Roumy and Zajac, 1998). To discern whether this might 
account for potentiation of the proton-gated currents, 
we tested the effect of naloxone, an opiate antagonist, 
and morphine, an opiate agonist. Naloxone did not block 
the effect of FMRFamide (Figure 1 B), and morphine did 



not mimic it (Figure 1C). These results suggested that 
FMRFamide was not acting through opioid receptors to 
alter current. 

We also tested the mammalian FMRFamide-like neu- 
ropeptide FF. Neuropeptide FF modulated currents in a 
manner similar to that of FMRFamide; it generated no 
current on its own, but it altered inactivation of proton- 
gated DRG currents (Figure 1 D). The effects, however, 
were smaller than those generated by FMRFamide (Fig- 
ure 1D). 



Effect of FMRFamide on Acid-Sensing Ion Channels 
Members of the DEG/ENaC family are thought to be at 
least partially responsible for the acid-gated currents 
in the DRG. This notion is based on the findings that 
H + -gated currents from DRG and DEG/ENaC channels, 
although not identical, share similar pH sensitivity, ion 
selectivity, and inactivation (Davies et al., 1988; Bevan 
and Yeats, 1991; Bassilana et al., 1997; Lingueglia et 
al., 1997; Waldmann et al., 1997a, 1997b; de Weille et 
al., 1998; Babinski et al., 1999). The differences may be 
due to as yet unidentified subunits and/or heteromulti- 
meric complexes. Because FMRFamide affected DRG 
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Figure 2, Effect of FMRFarnide on H 1 -Gated DEG/ENaC Family 
Members 

Data are representative traces from Xenopus oocytes expressing 
ASICa (A), ASICp (B), DRASIC (C), or BNC1 (D); from water- injected 
oocyte (E); or from HEK293T cells expressing ASICa (F). Unless other- 
wise indicated, extracellular pH was 7.4. FMRFarnide (50 or 100 \M) 
and pH 5 solution were present in extracellular solution during time 
indicated by bars. Experiments were repeated at least seven times. 

currents, we reasoned that FMRFarnide might alter acid- 
gated DEG/ENaC channels. To test this hypothesis, we 
expressed mammalian acid-sensitive ion channels in 
Xenopus oocytes and measured the resulting currents. 
ASICa and its alternatively spliced variant, ASICp, gen- 
erated rapidly inactivating currents when the extracellu- 
lar pH was lowered from 7,4 to 5 (Figures 2A and 2B). 
In contrast to its effect oh FaNaCh, FMRFarnide alone 
had no effect on either channel. However, subsequently 
lowering pH in the presence of FMRFarnide potentiated 
the current; Figures 2 A and 2B show slowing of inactiva- 
tion and the appearance of a sustained current at pH 5 
in both ASICa and ASICp. DRASIC showed a similar 
response in the presence of FMRFarnide (Figure 2C); 
following a reduction in pH, ihactivation was slowed, 
and a sustained current was more apparent. In contrast, 
the acid -gated currents from oocytes expressing BNC1 
were not discernibly altered by FMRFarnide (Figure 2D). 
Neither pH nor FMRFarnide in any combination pro- 
duced current in control, water-injected oocytes (Fig- 
ure 2E). 

FMRFarnide also altered the function of ASICa ex- 
pressed in the human cell line HEK293T (Figure 2F). 
Acidic extracellular solutions induced rapidly inactivat- 
ing whole-cell currents. In the presence of FMRFarnide, 
inactivation slowed, and a sustained current was appar- 
ent. The effect of FMRFarnide on current from acid- 
gated channels expressed in Xenopus oocytes and 
mammalian cells mimicked that observed in DRG neu- 
rons. This similarity suggested that these DEG/ENaC 
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Figure 3. FMRFarnide Modulates ASICa Function in Excised, Outside- 
Out Patches 

Tracing is representative of H f -dependent currents recorded from 
HEK293T cells transfected with ASICa. FMRFarnide (100 (jlM) and pH 
5 solution were present in extracellular solution during time indicated 
by bars; otherwise, pH was 7.4; n ~ 6. 



channels may be responsible, at least in part, for proton- 
gated currents in neurons. For further studies, we fo- 
cused on ASICa since it has been the most extensively 
studied, it is localized in nociceptive neurons of the DRG 
(Olson et al., 1998), and it produced a stable sustained 
current with FMRFarnide addition. 

We also tested the effect of FMRFarnide on ASICa 
in excised, outside-out patches from HEK293T cells. 
Figure 3 shows that lowering the extracellular pH acti- 
vated transient currents. In the presence of FMRFarnide, 
inactivation was slowed substantially. These data sug- 
gest that FMRFarnide interacts with ASICa. 

Sequence of Adding FMRFarnide and Acidification 
In cells expressing ASICa, the presence of FMRFarnide 
before and during acidification induced a sustained 
current (Figure 4Aiii). The continued presence of 
FMRFarnide did not prevent channel closure when pH 
was returned to 7.4 (Figure 4Aiii). Thus, FMRFarnide could 
neither activate nor sustain the current; rather, it modu- 
lated acid-activated current. This stands in sharp contrast 
to FaNaCh, which opens in response to FMRFarnide 
alone and not acid (Lingueglia et al., 1995). The se- 
quence of acid and FMRFarnide application was impor- 
tant. The largest sustained currents required FMRFarnide 
addition before lowering the extracellular pH; simultane- 
ous addition of FMRFarnide and acid (Figure 4Avi) or 
addition of FMRFarnide after acid (Figure 4Aiv) was 
much less effective. In contrast, when we first applied 
FMRFarnide at pH 7.4 and then washed away the 
FMRFarnide while simultaneously lowering pH, a sus- 
tained current still ensued (Figure 4Av). With ASICa ex- 
pressed in HEK293T cells, the maximal sustained cur- 
rent also required addition of FMRFarnide prior to 
acidification (Figures 4Bii and 4Biii); application of 
FMRFarnide after the pH reduction failed to induce large, 
sustained current (Figure 4Biv). Therefore, modulation 
required FMRFarnide addition at pH 7.4, when the chan- 
nel was closed. 

It seemed surprising that FMRFarnide could generate 
a sustained current, even when it was removed while 
the pH was being lowered (Figures 4Av and 4Biii). We 
observed similar behavior with acid-evoked currents in 
DRG cells (Figures 1C and 1D). To investigate this fur- 
ther, we examined the effect of removing FMRFarnide from 
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Figure 4. Effect of Order of FMRFamide and Acid Addition 
Data are whole-cell currents from Xenopus oocytes expressing ASICa 
(A and C) (n = 5 each) or HEK293T cells expressing ASICa (B) (n = 
8). Roman numerals indicate specific interventions referred to in text 
pH was 7.4, unless otherwise indicated. FMRFamide (50 or 100 fxM) 
and pH 5 solution were present in bath during times indicated by bars. 
In (C), cell was continuously perfused with solution, at pH 7.4 or pH 
5, for 80 s during time indicated by box. 

the bath solution at either pH 7.4 or pH 5. FMRFamide 
was applied at pH 7.4, and then the bath was continu- 
ously washed for 80 s (Figure 4Diii). After this time, acidi- 
fication generated no sustained current (Figure 4Div). 
This result suggests that during the 80 s wash, the pep- 
tide dissociated or the effect reversed. However, when 
the pH was reduced while simultaneously removing 
FMRFamide, the sustained current persisted throughout 
an 80 s pH 5 wash and beyond (Figure 4Dv). These 
results suggest that the effect of FMRFamide is only 
reversible at pH 7.4; once the channel has been acti- 
vated by acid, the effect of FMRFamide is retained until 
the pH is returned to 7.4. 

Properties of the Current Generated by pH 
and FMRFamide 

FMRFamide concentrations around 1 uJVI induced de- 
tectable sustained currents in cells expressing ASICa 
(Figure 5A). Maximal levels of sustained current were 
achieved at ~250 u,M FMRFamide. The FMRFamide 
concentration that induced half-maximal sustained cur- 
rents was ~33 \M. This concentration is higher than 
that reported for FaNaCh (2 u-M) (Lingueglia et al., 1 995). 



We asked whether FMRFamide alters the properties 
of ASICa transient currents and whether the FMRFamide- 
generated sustained current has properties different 
from the transient current. Figures 5B and 5C show that 
the FMRFamide-induced sustained current was inhib- 
ited by amiloride in oocytes and HEK293 cells. Figure 5D 
shows that FMRFamide did not alter the pH sensitivity of 
the transient current. The FMRFamide-induced sus- 
tained current, however, showed sensitivity to a broader 
pH range compared with the transient current. This 
broader range of sensitivity might allow a more graded 
pH response of the FMRFamide-bound channel. This 
may have implications for the perception of acid-evoked 
pain, since sustained currents are thought to play a 
role in pH-dependent nociception (Bevan and Geppetii, 
1994). 

The current-voltage (l-V) relationship of the H + -acti- 
vated transient current of ASICa showed cation selectiv- 
ity similar to what has been reported previously (Wald- 
mann etal., 1997b); the relative permeabilities were Na + / 
Li + = 0.95 ± 0.06 and Na + /K + = 6.76 ± 0.40. The slope 
conductance was similar for all of the cations. The l-V 
relationship of the peak current was not altered in the 
presence of FMRFamide (Figure 5E). The sustained cur- 
rent showed a somewhat different ion selectivity (Figure 
5F); the relative permeability was Na + /Li + = 1 .05 ± 0.07 
and Na + /K + = 1.25 ± 0.2, and the slope conductivity 
sequence was Na + > Li + > K + . The sustained current 
did not show Ca 2+ conductance. Thus, FMRFamide did 
not alter the ASICa response to pH or the properties 
of the initial transient current. However, the sustained 
current showed a different cation selectivity and pH 
response. 

Effect of FMRFamide-like Neuropeptides on ASICa 
Since FMRFamide itself has not been found in mammals, 
we asked whether other FMRFamide-like peptides would 
more potently affect ASICa. We tested FMRFamide-like 
compounds that have been identified in mammals, in- 
cluding neuropeptide FF and A18Famide, which termi- 
nate with the sequence PQRFamide (Yang et al., 1985; 
Perry etal. f 1997), and MERF (met-enkephalin-Arg-Phe), 
which ends with FMRF but lacks the amide. Neither 
A18Famide nor MERF altered ASICa current, and neuro- 
peptide FF produced only minor effects on inactivation 
(Figure 6; see below). We tested several of the many 
neuropeptides terminating with RFamide that have been 
discovered in invertebrates (Schneider and Taghert, 
1988; Greenberg and Price, 1992; Perry et al., 1997; 
Nelson et al., 1998). FLRFamide also induced a sus- 
tained current in ASICa, albeit less than did FMRFamide 
(Figure 6). N-terminal extensions of FLRFamide and 
other RFamide-containing peptides identified in inverte- 
brates did not alter ASICa currents in the presence (Fig- 
ure 6) or absence of acid. FMRF-OH did not induce a 
response, indicating that the C-terminal amide is re- 
quired. These results are similar to the neuropeptide 
specificity observed for FaNaCh, which has been re- 
ported to respond only to FMRFamide and FLRFamide 
(Cottrell, 1997). We tested morphine to determine 
whether it could induce a sustained current and nalox- 
one to see if it blocked FMRFamide-induced sustained 
current in Xenopus oocytes. Consistent with our results 
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Figure 5. Properties of FMRFamide-Modu- 
lated ASICa Current 

Data are from Xenopus oocytes (A, B, and D-F) 
or HEK293T cells (C) expressing ASICa. 

(A) Effect of FMRFamide concentration on po- 
tentiation of H + -dependent sustained current. 
Oocytes were exposed to indicated concentra- 
tions of FMRFamide prior to and during current 
activation with pH 5 solution. Measurements 
were normalized to the value of sustained cur- 
rent obtained with 500 |xM FMRFamide. Data 
are mean ± SEM; n = 6-7. 

(B) Effect of amiloride on FMRFamide and acid- 
induced sustained current. Amiloride (1 mM), 
FMRFamide (50 jjJvT), and pH 5 are indicated 
by bars; n = 5. 

(C) Amiloride (100 p,M), FMRFamide (100 |xM), 
and pH 5 are indicated by bars; n = 3. 

(D) pH sensitivity of ASICa current with addition 
of FMRFamide. FMRFamide (50 jiM) was 
added prior to acidification. Values were nor- 
malized to current obtained at pH 3 for the 
transient and the FMRFamide-modulated sus- 
tained current. Data are mean ± SEM; n = 7. 
(E and F) l-V relationships of ASICa current 
measured at pH 5 in the presence and absence 
of FMRFamide (50 ^M); extracellular bath solu- 
tion containing 116 mM Na\ K + , or Li + , as 
indicated. In these studies, the solution was 
changed from 116 mM Na + to the other cations 
~30 s before acidification, and membrane volt- 
age was stepped from a holding voltage of 
-60 mV to voltages of -80, -10, or +60 mV 
immediately before acidification. Currents from 
each cell were normalized to current obtained 
in the same cell at -80 mV in the Na + solution 
(100%) (E) or the sustained currents (F). Data 
are mean ± SEM; n = 8 cells for Na + solution 
and 4 cells for K + and Li + solutions. 



in rat DRG (Figures 1B and 1C), neither morphine nor 
naloxone altered ASICa current (Figure 6). 

Differential Effects of FMRFamide and FRRFamide 

In an attempt to learn more about the peptide specificity 
of acid-gated channel modulation, we tested several 
FXRFamide peptides. One of these, FRRFamide, showed 
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Figure 6. Effect of FMRFamide-like Peptides on ASICa Current 
Oocytes expressing ASICa were exposed to indicated peptides, mor- 
phine sulphate, or naloxone prior to and during acidification to pH 5. 
All agents were tested at 50 \jM and normalized to the response to 
FMRFamide (50 jiM) obtained in the same cell, except for A18Famide 
(25 |xM) and naloxone (500 pM). Naloxone was applied before the 
addition of FMRFamide. Data are mean ± SEM for five to eight cells 
assayed for each condition. 




a pronounced specificity difference between acid-gated 
channels. With ASICa, equivalent concentrations of 
FRRFamide generated a sustained current similar to that 
produced by FMRFamide, although it was smaller in 
magnitude (Figure 7A). With ASICp, FRRFamide mark- 
edly slowed the rate of inactivation without generating 
as large a sustained current as FMRFamide (Figure 7B). 
With DRASIC, both FRRFamide and FMRFamide slowed 
inactivation of the transient current and increased the 
sustained current, although equivalent concentrations 
of FRRFamide had larger effect on transient and sus- 
tained currents (Figure 7C). 



Neuropeptide FF Potentiates DRASIC Current 
Differential modulation of the various acid-sensing ion 
channels by different peptides, and our finding that neu- 
ropeptide FF modulated DRG currents, suggested that 
we should test this mammalian neuropeptide on all of 
the acid-sensing channels. Figure 8A shows that adding 
neuropeptide FF prior to acidification slowed the inacti- 
vation of H + -gated DRASIC currents. Interestingly, the 
kinetics of neuropeptide FF-induced potentiation were 
different from those induced by FMRFamide. Neuropep- 
tide FF had subtle effects on ASICa currents, slowing 
inactivation but not generating appreciable sustained 
current (Figure 8B). ASICp and BNC1 appeared unaf- 
fected by neuropeptide FF addition (data not shown). 
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Figure 7. Effect of FMRFamide and FRRFamide on H + -Gated DEG/ 
ENaC Family Members Expressed in Xenopus Oocytes 
(A and B) ASICa and ASlCp. FMRFamide (50 ^uVlj, FRRFamide (50 
mM), and pH 5 solution were present in extracellular solution during 
time indicated by bars; n = at least 8. 

(C) DRASIC, FMRFamide (TOO jiM), FRRFamide (100 |aM), and pH 4 
solution were present as indicated by bars; n = 6. 
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Figure 8. Effect of Neuropeptide FF on DRASIC and ASICa Expressed 
in Xenopus Oocytes 

Neuropeptide FF (NPFF) (50 pJVI) and FMRFamide {50 ^uVO were present 
at times indicated by bars; n - 5. 



Discussion 

Our data indicate that FMRFamide-related neuropep- 
tides potentiate currents from acid-sensing DEG/ENaC 
channels. Moreover, the localization of acid-sensing ion 
channels and FMRFamide-like peptides suggest the two 
may interact in vivo. Both DRASIC and neuropeptide FF 
are found in the DRG (Waldmann et al., 1997a; Chen et 
al., 1 998; Allard et al., 1 999). They are also both localized 
in the spinal cord and brain (Majane and Yang, 1987; 
Majane et al. f 1989; Chen et al., 1998). Moreover, 
FMRFamide immunoreactivity that does not appear to 
be neuropeptide FF is found in DRG and brain (Ferrarese 
et al., 1986; Majane and Yang, 1987; Vilim et al., 1999). 
In this regard, it is interesting that FMRFamide was more 
potent than was neuropeptide FF in activating ASIC and 
DRG currents. We speculate that additional FMRFamide- 
related peptides await discovery. 

Potentiation of Acid-Gated Currents 
by FMRFamide-Related Peptides 
Earlier studies suggest that FMRFamide-like peptides 
can activate multiple types of receptors in mammals. 
These may include an opioid receptor, a G protein- 
coupled receptor that activates second messenger 
pathways, and other receptors that so far have remained 
unidentified (Kavaliers, 1987; Raffa and Connelly, 1992; 



Payza and Yang, 1993; Gherardi and Zajac, 1997; Nishi- 
mura et al., 2000). Our data indicate that mammalian 
members of the DEG/ENaC channel family also respond 
to FMRFamide-like peptides. There are at least three 
possible explanations. FMRFamide-related peptides 
might bind directly to acid-sensing channels, analogous 
to their interaction with FaNaCh. FMRFamide-related. 
peptides might bind a receptor that triggers intracellular 
second messengers that modify the acid-sensing ion 
channels. Finally, FMRFamide-related peptides might 
bind a protein associated with acid-sensing ion chan- 
nels, thereby altering their function. We favor the possi- 
bility of a direct interaction for the following reasons. 
First, the effect of FMRFamide was not mimicked by 
morphine or blocked by naloxone. Second, FMRFamide 
had the same effect on ASICa expressed in widely diver- 
gent cell types, Xenopus oocytes, and a human cell line. 
If the effect of FMRFamide were indirect, both cell types 
would have to express similar endogenous receptors 
coupled to similar second messenger systems. Third, 
in cells expressing the various individual acid-gated 
channels, FMRFamide, FRRFamide, and neuropeptide 
FF generated currents that were not only quantitatively 
different, but also, more importantly, qualitatively differ- 
ent. If these neuropeptides had different affinities for an 
unidentified endogenous receptor coupled to a second 
messenger, then only quantitative differences would be 
expected. Moreover, such a scenario would predict that 
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the quantitative effects would be similar for the different 
channels. This was not the case. Fourth, application of 
FMRFamide altered ASICa function in excised, outside- 
out patches of membrane. Experiments to unambiguously 
determine whether the effect of FMRFamide-related pep- 
tides is direct or indirect will require additional work. 

The discovery that FMRFamide activated the mol- 
luscan FaNaCh showed that a peptide neurotransmitter 
could directly gate an ion channel (Lingueglia et al., 
1995). Our data suggest that the same peptide interacts 
with the evolutionarily related ASIC and DRASIC chan- 
nels. However, FMRFamide did not open these mamma- 
lian channels on its own; rather, it modulated the re- 
sponse to another agonist, protons. If FMRFamide 
interacts directly with the channels, these findings sug- 
gest that a FMRFamide-binding site has been at least 
partly conserved in these DEG/ENaC channels but that 
changes in structure have altered the consequences of 
the interaction. The alternatively spliced isoforms, ASICa 
and ASICp, are identical over most of their length; how- 
ever, the amino acid sequence from their N termini, 
through M1 , and for a short distance (~1 00 amino acids) 
into the extracellular domain is not the same. Differences 
in the responses of ASICa and ASICp to FMRFamide 
and FRRFamide suggest that the more N-terminal por- 
tions of ASIC contribute to neuropeptide modulation. 
That, plus the distinct interactions of FMRFamide and 
neuropeptide FF with FaNaCh and DRASIC, and the lack 
of a response with BNC1, provide a strategy and the 
reagents to investigate where and how these channels 
interact with FMRFamide and related peptides. 

It is intriguing that FMRFamide should be applied be- 
fore acid. We propose the following model. At pH 7.4, 
FMRFamide binds and is free to dissociate. However, 
when FMRFamide is bound at pH 7.4 and then pH is 
lowered, FMRFamide becomes trapped in the binding 
site. When the binding site is unoccupied, the channel in- 
activates rapidly, even in the continued presence of acid. 
However, when the binding site contains FMRFamide, 
channel inactivation is slowed and/or partially pre- 
vented. This scenario would explain two other observa- 
tions. The limited ability of the peptide to alter current 
when applied after acidification could be explained by 
a conformational change at a low pH that occludes or 
hides the FMRFamide-binding site (Figures 4A and 4B). 
Trapping of FMRFamide within an occluded binding site 
at low pH would explain the continued generation of 
sustained currents, even after the peptide was removed 
from the bath (Figure 4D). This interpretation is consis- 
tent with our earlier observation that acid pH causes a 
conformational change in the related BNC1 channel that 
altered the extracellular solvent accessibility of a spe- 
cific residue (Adams et al., 1998). 

Physiologic Implications 

It has been suggested that tissue ischemia and inflam- 
mation cause pain by stimulating H + -gated cation cur- 
rents (Reeh and Steen, 1996). The sustained component 
of those currents is thought to be particularly important 
(Bevan and Yeats, 1991; Lingueglia et al., 1997). Thus, 
the ability of neuropeptide FF and FMRFamide-related 
peptides to induce sustained currents suggests that 
such peptides and the acid-gated channels play a role 



in nociception. Interestingly, these peptides have been 
previously linked to pain perception in the spinal cord 
and brain. For example, chronic inflammation induces 
neuropeptide FF expression in the spinal cord (Kontinen 
et al., 1997; Vilim et al., 1999). FMRFamide-related pep- 
tides may also contribute to opiate tolerance, in which 
increasing amounts of opiates are required to achieve 
the same analgesic effect (Raffa, 1988; Roumy and Za- 
jac, 1998). This may in part be explained by opiate- 
induced secretion of FMRFamide-related peptides from 
spinal cord neurons possibly inducing hypersensitivity 
of the nociceptive neurons (Tang et al., 1984). 

Our data may also have implications for DEG/ENaC 
function in the brain. For example, intracerebro ventricu- 
lar injection of FMRFamide-related peptides induces a 
variety of physiologic responses (Mues et al., 1 982; Sor- 
enson et al., 1984; Tang et al., 1984; Kavaliers and Hirst, 
1985; Yang et al., 1985; Raffa et al., 1986; Kavaliers, 
1987; Thiemermann et al., 1991; Raffa and Connelly, 
1992; Muthal et al., 1997; Roumy and Zajac, 1998). Re- 
cently, it was demonstrated that an amiloride analog 
inhibits FMRFamide-induced regulation of the brain re- 
nin-angiotensin system and hypertension (Nishimura et 
al., 2000). This suggests that these channels are a target 
of FMRFamide in the brain. 

Proton-gated DEG/ENaC channels may function to 
integrate the response to acid and neuropeptides in the 
nervous system. Interestingly, another channel thought 
to be involved in nociception, the capsaicin receptor, 
also integrates multiple stimuli, heat and acidosis (Cat- 
erina et al., 1997; Tominaga et al., 1998). Thus, in neu- 
rons H + -gated currents could vary, depending upon the 
type and combinations of DEG/ENaC subunits ex- 
pressed and on the presence of different FMRFamide- 
like neuropeptides. The diversity of channel subunits 
and neuropeptides offers rich opportunities for interac- 
tions and new targets for pharmacotherapy. 

Experimental Procedures 
cDNA Constructs 

Human ASICa was cloned from brain poly (A) RNA. Rat ASICp and 
mouse DRASIC were cloned from DRG RNA. Human BNC1 was 
cloned as described (Price et al., 1996). Constructs were cloned 
into pMT3 for expression. The validity of the constructs was con- 
firmed by DNA sequencing. 

Cells and Expression Systems 

Rat DRG neurons were cultured from Norway rats as described 
(Benson et al., 1999). Cells were allowed to incubate overnight at 
room temperature, and studies were done 1-2 days after isolation. 

Expression of the c DNA constructs in Xenopus oocytes was ac- 
complished by injection of plasmid DNA into the nucleus of defollicu- 
lated albino Xenopus laevis oocytes (Nasco, Fort Atkinson, W!) as 
described previously (Adams et al., 1998). Plasmids were injected 
at concentrations of 100 ng/p.l for most experiments. Oocytes were 
incubated in modified Barth's solution at 18°C for 12-26 hr after 
injection. Cells injected with DRASIC were allowed to incubate for 
24-48 hr before analysis. 

HEK293T cells were a gift of Dr. Mark Stinski (University of Iowa). 
ASICa cDNA was transfected into HEK293T cells using Transfast 
lipid reagents (Promega, Madison, Wl). To identify transfected cells, 
pGreenlantern vector encoding green fluorescent protein (GIBCO, 
Gaithersburg, MD) was cotransfected with ASICa at a ratio of 1:6; 
transfected cells were identified using epifluorescence microscopy. 
Cells were studied 1-2 days after transfection. 
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Electrophysiological Analysis 

Whole-cell currents in oocytes were measured using two-electrode 
voltage-clamp as described previously (Adams et al., 1998). Oocytes 
were bathed in frog Ringer solution containing, in mM: NaCI, LiCI, 
or KCI, 116; CaCI 2 , 0.4; MgCl z , 1; and 4-(2-hydroxyethyl)-1-pipera- 
zineethanesulfonic acid (HEPES), 5 (pH 7.4). Acidic solutions were 
buffered with 5 mM 2-{4-morpholino)-ethanesulfonic acid (MES) in- 
stead of HEPES. Membrane voltage was held at -60 mV, unless 
otherwise noted. Most peptides and naloxone were obtained from 
Sigma (St. Louis, MO) and were added to the extracellular solution. 
The peptide FRRFamide was synthesized by Research Genetics 
(Huntsville, AL). 

During whole-cell patch clamping of DRG neurons and transfected 
HEK293T cells, the cells were bathed with an extracellular solution 
that contained, in mM: NaCI, 128; MgCI 2 , 5; CaCI 2 , 1.8; KCI, 5.4; 
glucose, 5.55; and HEPES, 20 (pH 7.5 or 5). The pipette solution 
contained, in mM: KCI, 120; NaCI, 10; MgCI 2 , 2; EGTA, 5; and HEPES, 
10. Perfusion of cells with different solutions was done by placing 
the appropriate outlet in front of the cell. Data were recorded with 
an Axopatch 200 (Axon Instruments, Foster City, California) and 
stored on a digital tape recorder. Digitization was executed by ac- 
quiring data at 400 Hz using pClamp6 (Axon Instruments). 

Excised, outside -out patches were obtained from transfected 
HEK293T cells. The bath solution contained, in mM: NaCI, 140; 
MgClj, 2; CaC\ h 1.8; HEPES, 10 (pH 7.4), or Tris(hydroxymethyl)ami- 
nomethane (Tris) or MES (pH 5). The pipette solution contained, in 
mM: NMDG-CI, 140; MgCI 2 , 2; EGTA, 2; and HEPES, 10 (pH 7.4). 
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Abstract 

Acid sensing ion channel 3 (ASIC3) is a cation channel gated by extracellular protons. It is highly expressed in sensory neurons, 
including small nociceptive neurons and has been proposed to participate in pain perception associated with tissue acidosis and in 
mechanoperception. Neuropeptide FF (NPFF) and FMRFamide have been shown to potentiate proton-gated currents from cultured 
sensory neurons and acid sensing ion channel (ASIC) cDNA transfected cells. In this study, we report that another mammalian 
peptide neuropeptide SF (NPSF), derived from the same precursor, also considerably increases the amplitude of the sustained current 
of heterologously expressed ASIC3 (12-fold vs. 19- and nine-fold for FMRFamide and NPFF, respectively) with an EC 50 of -50 
uM. Similar effects were also observed on endogenous ASIC3-like sustained current recorded from DRG neurons although of 
smaller amplitudes (two-, three- and seven-fold increase for NPSF, NPFF and FMRFamide, respectively), and essentially related 
to a slowing down of the inactivation rate. Importantly, this modulation induced changes in neuronal excitability in response to an 
electrical stimulus applied during extracellular acidification. ASIC3 -mediated sustained depolarisation, and its regulation by neuro- 
peptides, could thus be important in regulating polymodal neuron excitability particularly under inflammatory conditions where the 
expression levels of both NPFF precursor and ASIC3 are increased. 
© 2003 Elsevier Science Ltd. All rights reserved. 

Keywords: ASIC3; FMRFami de-related neuropeptides; DRG neuron 



1. Introduction 

The Phe-Met-Arg-Phe-NH 2 (FMRFamide) and struc- 
turally related peptides are abundant in invertebrates 
where they might function as neurotransmitters and neu- 
romodulators (Price and Greenberg, 1977; Roumy and 
Zajac, 1998). Although FMRFamide has not been iso- 
lated in mammals, endogenous mammalian FMRF- 
amide related peptides have been identified. Neuro- 
peptide FF (NPFF, Phe-Leu-Phe-Gln-Pro-GIn-Arg-Phe- 
amide) and neuropeptide AF (NPAF, Ala-Gly-Glu-Gly- 
Leu-Ser-Ser-Pro-Phe-Trp-Ser-Leu-Ala-Ala-Pro-Gln- 
Arg-Phe-amide) were first isolated from bovine brain 
(Yang et al., 1985), and neuropeptide SF (NPSF, Ser- 
Leu-Ala-Ala-Pro-Gln-Arg-Phe-amide) was isolated from 
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the rat central nervous system (CNS) (Yang and Martin, 
1995). Numerous data have accumulated about NPFF. It 
is released from the spinal cord following stimulation 
with high potassium or substance P (Zhu et al., 1992), 
or following opioid receptor stimulation (Devillers et al, 
1995b), and it has been implicated in a variety of physio- 
logical functions, including pain modulation, opiate 
function and cardiovascular regulation (for reviews, see 
Panula et al., 1996; Roumy and Zajac, 1998). 

NPFF, NPAF and NPSF derive from a common pre- 
cursor, the gene of which has been cloned in human, rat, 
bovine and mouse (Perry et al., 1997; Vilim et al, 1999). 
The gene product is expressed mainly in the CNS, the 
dorsal spinal cord being one of the regions containing 
the highest concentrations (Panula et al., 1999; Vilim et 
al., 1999). High affinity NPFF receptors are thought to 
be coupled to various G-proteins (Roumy and Zajac, 
2001). NPFF displays a nanomolar affinity for binding 
sites in the rat spinal cord whereas NPSF has a lower 
affinity for NPFF binding sites (28 times less than 
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NPFF). Moreover, and contrary to NPFF, NPSF does not 
reduce the effect of nociceptin on dorsal raphe neurons 
(Roumy and Zajac, 1999; Roumy et al., 2000). An enzy- 
matic degradation product of NPFF (QRFamide, Gln- 
Arg-Phe-amide) has been identified, but its affinity for 
the NPFF receptor in rat spinal cord membranes is 1430- 
fold lower than that of NPFF indicating that it cannot 
efficiently stimulate NPFF receptors to produce a bio- 
logical effect (Sol et al, 1999). 

Functional ASICs (acid sensing ionic channels) are 
homo- or hetero-tetrameric proton-gated Na + -permeable 
channels formed by the association of different subunits: 
ASICla, ASIClb, ASIC2a, ASIC2b and ASIC3 (Chen 
et al., 1998; Waldmann and Lazdunski, 1998; Bassler et 
al., 2001). These channels are members of a super- fam- 
ily comprising, among others, the molluscan peptide- 
gated channel FaNaCh (Lingueglia et al., 1995). Proton- 
gated ASIC-like currents were described in sensory neu- 
rons (Krishtal and Pidoplichko, 1981b, a, c) and more 
recently, the expression of different ASIC subunits in 
these neurons has been reported (Waldmann and Laz- 
dunski, 1998). ASIC3 (previously named DRASIC) is 
principally found in small and medium nociceptive sen- 
sory neurons (Voilley et al., 2001) and its expression in 
heterologous systems has been associated with a 
biphasic current comprising a fast transient component 
followed by a sustained phase (Waldmann et al, 1997). 
ASIC3 is thus a good candidate for mediating the non- 
adapting pain associated with tissue acidosis, and it has 
been implicated in acid-evoked nociception in the isch- 
emic myocardium (Sutherland et al., 2001). 

In the mollusc Helix aspersa, FMRFamide has been 
reported to directly activate the amiloride-sensitive chan- 
nel FaNaCh with a micromolar concentration range 
(Cottrell et al, 1990; Lingueglia et ah, 1995; Cottrell, 
1997). The significant structural homology between 
FaNaCh and ASICs suggested that neuropeptides could 
directly activate or modulate ASIC-mediated currents. 
This is particularly interesting as ASIC3 expression, like 
that of NPFF precursor, is increased during inflammation 
(Vilim et al., 1999; Voilley et al., 2001). Moreover, both 
ASIC3 and NPFF are found in the dorsal root ganglia 
(Waldmann et al, 1997; Chen et al., 1998; Allard et al., 
1999; Voilley et al., 2001). Recent studies have revealed 
that FMRFamide and NPFF modulate the homomeric 
ASIC1 and ASIC3 current as well as H + -gated currents 
from sensory neurons (Askwith et al., 2000), and the 
heterologously expressed heteromeric ASIC2a + 3 cur- 
rent (Catarsi et al., 2001). NPFF and FMRFamide are 
not able to generate currents on their own, but they slow 
down the inactivation of ASICla and ASIC3 currents, 
inducing and/or increasing the sustained phase during 
acidification (Askwith et al., 2000). The sustained 
component of those currents is thought to be important 
in pain coding, but its physiological relevance is larg- 
ely unknown. 



This study is the first report of the effects of NPSF 
on ASIC3 currents expressed in a heterologous system, 
and on ASIC3-like currents recorded from rat cultured 
DRG neurons. The effects of QRFamide, and of the 
common C-terminal motif RFamide, are also studied, 
and compared to the known effects of FMRFamide and 
NPFF. This paper is also the first to show that the effects 
of these neuropeptides on the sustained phase of the 
ASIC3 current can be correlated with an increase in neu- 
ronal excitability associated with the increase of the 
ASIC current-induced sustained depolarisation. 



2. Methods 

2.7. Expression of ASIC channels in COS cells 

COS cells at a density of 20 000 cells per 35 mm 
diameter petri dish were transfected with a mix of the 
vectors pCI-CD8 and pCI-rASIC3 (1:2 ratio) using the 
DEAE-Dextran method. Cells were used for electrophy- 
siological measurements 1 to 3 days after transfection. 
Successfiilly transfected cells were recognised by their 
ability to fix CD8-antibody-coated beads (Dynal). 

2.2. Primary culture of rat DRG neurons 

Dorsal root ganglion neurons were dissected from 
Wistar rats (5-7 weeks) and enzymatically dissociated 
with 0.1% collagenase. Cells were then plated on col- 
lagen-coated 35 mm petri dishes and maintained in cul- 
ture at 37 °C (95 % air/5% C0 2 ) in DMEM containing 
5% fetal calf serum. Electrophysiological experiments 
were carried out 1 or 2 days after plating. 

2.3. Electrophysiological measurements 

The patch-clamp technique was used to measure 
membrane currents (voltage-clamp), and membrane 
potential (current-clamp) in whole-cell and butside-out 
configurations (Hamill et al., 1981). Currents were 
amplified with a RK-400 amplifier (Bio-Logic Science 
Instruments), digitised with a 16-bit data acquisition sys- 
tem (Digidata 1322 A, Axon Instruments), and recorded 
using pClamp software (version 8.2.0.224, Axon 
Instruments). The data were sampled at 3.3 kHz and 20 
kHz (for whole-cell and outside-out recordings, 
respectively), and low-pass filtered at 3-5 kHz using an 
eight-pole low pass filter (Bio-Logic Science 
Instruments). Off-line analysis of currents was perfor- 
med using pClamp (Axon Instruments) and Bio-Patch 
(version 3.42, Bio-Logic Science Instruments). Currents 
obtained from outside-out patches were digitally filtered 
to 1 kHz using pClamp (Axon Instruments). The statisti- 
cal significance of differences between sets of data was 
estimated using the Student /-test. 
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2.4. Solutions 

The pipette solution contained (in mM): KG 140, 
NaCl 5, MgCl 2 2, EGTA 5, HEPES 10 (pH 7.3), and 
the bath solution contained (in mM): NaCl 150, KC1 5, 
MgCl 2 2, CaCl 2 2, HEPES 10 (pH 7.4). MES was used 
instead of HEPES to buffer bath solution pH ranging 
from 6 to 5. For the experiments performed on DRG 
neurons, the bath solution was supplemented with glu- 
cose 10 mM, CNQX 20 |iM and kynurenic acid 10 uM 
(to inhibit glutamate-activated ionotropic currents) and 
the pipette solution contained (in mM): KC1 140, ATP- 
Na 2 2.5, MgCl 2 2, CaCl 2 2, EGTA 5, HEPES 10 (pH 
7.3, pCa estimated to 7). 0.1 % bovine serum albumin 
was added in extracellular solutions containing the 
spider toxin PcTXl (Escoubas et al., 2000) to prevent 
its adsorption to tubing and containers. The toxin was 
applied at least one minute before the pH drop. All the 
peptides were diluted in the control medium (pH 7.4) 
and perfused for approximately 30 s before the extra- 
cellular pH drop. Changes in extracellular pH were 
induced by shifting one out of eight outlets of a 
microperfusion system in front of the cell. Experiments 
were carried out at room temperature (20-22 °C). 
CNQX, kynurenic acid, capsaicin and FMRFamide were 
from Sigma, 

2.5. Peptide synthesis 

NPFF (Phe-Leu-Phe-Gln-Pro-Gln-Arg-Phe-amide), 
NPSF (Ser-Leu-AIa-Ala-Pro-Gln-Arg-Phe-amide), 
QRFamide (Gln-Arg-Phe-amide) and RFamide (Arg- 
Phe-amide) were synthesized by the solid-phase method 
using Fmoc amide resin chemistry with an automatic 
synthesiser (430A Applied Biosystem). Activation of 
carboxylic function of Fmoc amino-acid was obtained 
with 1 -Hydroxy-7-azabenzotriazole and diisopropylcar- 
bodiimide. Peptides were purified by preparative 
reversed phase HPLC on an Aquapore column (C8, 10 
x 250 mm, 20 mm, Bronwlee Labs) and the purity 
determined by electro-spray ionisation mass spec- 
trometry on a Finnigan Mat TSQ 700. The Fmoc amino 
acid derivatives were purchased from Bachem, France. 



3. Results 

5.7. Effects of NPSF and related peptides on ASIC3 
currents expressed in COS cells 

Fig. 1 shows the effects of mammalian NPSF and 
NPFF and of the molluscan FMRFamide on whole-cell 
ASIC3 currents recorded from transfected COS cells at 
— 50 mV. RFamide, which represents the common C- 
terminal motif of those neuropeptides, and QRFamide, 
which has been found to be an inactive metabolite of 



NPFF in mouse brain (Sol et al., 1999), have also been 
tested. None of these peptides induced a significant 
change of the fast transient component of ASIC3 current 
(Fig. 1A). However, the peptides did induce changes of 
the slow sustained ASIC3 current. It should be noted 
that the AS1C3 sustained current, which has been shown 
to be half-activated at pH 3.5 (Waldmann et al., 1997), 
began to be detected at pH 6.3 (Fig. 1A, last trace). It 
represented 2 ± 1% (« = 17) and 5 ± 1% (#t = 63) of 
the pH6.3- and pH5-induced peak current, respectively. 
Amplitudes of ASIC3 sustained currents, measured in 
the presence of each peptide, have been normalised to 
those measured under control conditions (Fig. IB). As 
previously described (Askwith et al., 2000), FMRFamide 
and NPFF considerably increase the sustained current 
amplitude recorded at pH 5 (19- and nine-fold increases, 
n = 45 and 1 9, respectively). NPSF also increased ASIC3 
sustained current amplitude with an effect slightly more 
potent than NPFF (12-fold increase, n = 22) whereas 
RFamide and QRFamide had smaller effects (only two- 
fold increases, n = 12 and 20, respectively). Similar 
results have been obtained on pH 6.3-evoked ASIC3 cur- 
rent, as shown in Fig. IB (right side) for FMRFamide 
and NPSF (n = 1 1 and 8 respectively). The effects of 
peptides on ASIC3 inactivation rate are represented in 
Fig. 1 C where ASIC3 current inactivation was fitted by 
two exponentials. FMRFamide, NPFF and QRFamide 
significantly increased both the slow and the fast compo- 
nent of ASIC3 current inactivation (P < 0.001, n = 
16-35). These results suggest that the effects of FMRFa- 
mide, NPFF and, to a lesser extent, of QRFamide, are 
due to a slowing down of the ASIC3 current inactivation. 
Interestingly, RFamide and especially NPSF, which also 
increased the ASIC3 sustained phase (Fig. IB), did not 
change the current inactivation time constants (Fig. 1C). 

Other FMRFamide-related neuropeptides were also 
tested on the ASIC3 sustained phase: SQA-NPFF (Ser- 
Gln-Ala-NPFF), SPA-NPFF (Ser-Pro-Ala-NPFF), A- 
NPFF (Ala-NPFF), PA-NPFF (Pro-Ala-NPFF), SPN- 
NPFF (Ser-Pro-Asn-NPFF), EFW-NPSF (Glu-Phe-Trp- 
NPSF), QFW-NPSF (Gln-Phe-Trp-NPSF), human 
NPAF, human RFRP3 (Val-Pro-Asn-Leu-Pro-Gln-Arg- 
Phe-amide) were not able to significantly modify the rat 
homomeric ASIC3 sustained current (not shown). 

We further characterised the effects of NPSF on the 
ASIC3 current, showing that its effect is concentration- 
dependent (Fig. 2A, inset). The effects of NPSF and 
NPFF were then compared to the concentration-effect 
curve established for FMRFamide (Fig. 2A). For each 
concentration of peptide, the ASIC3 sustained current 
increase (Isst peptide -Isst control) was normalised to 
the sustained current increase induced by 100 yM of 
peptide (Isst 100 (iM— Isst control). The concentration 
range at which NPSF acts on ASIC3 appeared to be the 
same as those of FMRFamide and NPFF (EC 50 = 49 ± 
3 llM, n = 4-15, Fig. 2 A). 



E. Deval et al. /Neuropharmacology 44 (2003) 662-671 



665 



5nA 



5nA| 



5nA| 



pH5 



pH5 




control 

QRFa 100 pM 



5nA 




pH5 



pH 5 




control 
PFF 100 



5nA | 




pH5 



pH 6,3 




5nA I 




NPSF 100 (jM 



B 



£20 

c 



dcorttrol 
25 1 EZIRFamlde 
QRFamide 
S3NPFF 
^NPSF 
■FMRFamide 




% 15- 



pH5 



12 
_ 10 
~ 8 

4 
2 
0 



Q control 
E2RFamide 
^QRFamide 
ESNPFF 
E3NPSF 
■FMRFamide 



pH6.3 




Fig. 1. Effect of FMRFamide-related peptides on homomeric ASIC3 expressed in COS cells. (A) ASIC3 currents recorded at -50 mV using the 
whole-cell patch-clamp technique. The dashed line represents the zero current level The external pH acidification that elicited ASIC3 currents is 
indicated above each current trace. Peptides were applied 30 s before the pH drop. (B) Increase factor of ASIC3 sustained currents induced by 
FMRFamide-related peptides. The sustained current amplitude measured in the presence of each neuropeptide was normalised to the control currents 
(n = 8-45). The sustained current amplitudes were measured at the end of the pH drop. (C) Effect of neuropeptides on inactivation time constants 
of pH 5-evoked ASIC3 currents. ASIC3 current inactivation was fitted by a second order exponential (» = 16-35; *, P < 0.001). 



NPSF and FMRFamide were also tested on ASIC3 
currents recorded from outside-out patches (Fig. 2B). 
Both NPSF and FMRFamide enhanced the channel sus- 
tained activity, as previously described with whole-cell 
recording experiments (see Fig. 1). These data suggested 
that NPSF and FMRFamide might interact directly with 
ASIC3. Similar conclusions were previously drawn con- 
cerning the effect of the FMRFamide and NPFF peptides 
on ASICs (Askwith et al., 2000; Catarsi et al., 2001). 

3.2. Effects of NPSF and related peptides on 
endogenous ASIC 3 -like currents from DRG neurons 

FMRFamide-related peptides were then tested on 
ASIC3-like currents recorded from rat DRG cultured 
neurons (Fig. 3). ASIC3-like currents were selected by 
their insensitivity to the spider toxin PcTXl (Escoubas 
et al, 2000), and by their kinetics and pH dependency. 
The spider toxin PcTXl was previously shown to 
specifically inhibit homomeric ASIC la channels 
(Escoubas et al, 2000). The method for ASIC3-like cur- 
rent selection has been described recently in further 
detail (Mamet et al, 2002). Among the recorded DRG 
neurons, 26.5% expressed a PcTXl -resistant ASIC3-like 
current. This biphasic current could either show a Na + - 



specific or a cation nonspecific sustained current, prob- 
ably flowing through homomeric ASIC3 or heteromeric 
ASIC3 + 2b channels, respectively (Lingueglia et al., 
1997). As described above for homomeric ASIC3 sus- 
tained current recorded from COS cells, ASIC3-like sus- 
tained current could also be detected at pH6.3, rep- 
resenting 9 ± 3% (n = 11) of the peak current. It 
increased to 13 ± 4% (n = 27) and 17 ± 6% 
(n = 27) of the peak current at pH6 and pH5 respectively. 
ASIC3-like sustained current displayed the same pH 
dependency as that of homomeric ASIC3 sustained cur- 
rent, however, sustained current was bigger in DRG. 
This reinforces the idea that heteromeric ASIC3-contain- 
ing channels, displaying larger sustained current (such 
as ASIC3 + 2b, see Lingueglia et al, 1997), are 
expressed in DRG. The effects of neuropeptides were 
similar to those previously observed with homomeric 
ASIC3 currents recorded in COS cells (Fig. 3A). How- 
ever, increases of ASIC3-like sustained current obtained 
with QRFamide, NPSF, NPFF, and FMRFamide were 
smaller than those observed on homomeric ASIC3 cur- 
rents (two-, three-, and seven-fold increases for NPSF, 
NPFF, and FMRFamide, respectively, n = 4-8, Fig. 3B). 
Both the slow and the fast components of ASIC3-like 
current inactivation were significantly increased by 
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Fig. 2. Efficiency of NPSF and NPFF on homomeric ASIC3 sus- 
tained current. (A) Concentration-effect relationships representing the 
effect of NPSF, NPFF and FMRFamide on ASIC3 sustained current. 
The ASIC3 sustained current increases (Isst peptide -Isst control) were 
normalised to the sustained current increases induced by 100 uM of 
the corresponding peptide (Isst 100 uM-Isst control). A Hill equation 
was used to tit the FMRFamide concentration-effect relationship, and 
the half-maximal effect was obtained for 49 ± 3 uM (n = 4-15). It 
appeared that NPSF, NPFF and FMRFamide act on ASIC3 sustained 
current in the same concentration range. Inset: Whole-cell pH 5-evoked 
ASIC3 currents recorded from a single COS celt at -50 mV in the 
presence of different concentrations of NPSF. (B) Effect of NPSF and 
FMRFamide on homomeric ASIC3 current recorded from an outside- 
out patch. Current traces were elicited from a single patch at —50 mV, 
for an external acidification dropping from pH 7.4 to 5. The peptides 
(NPSF and FMRFamide) were applied 30 s before the pH drop. 



NPSF, NPFF, and FMRFamide (Fig. 3C), suggesting 
that the enhancement of the ASIC3-like plateau by these 
peptides resulted from a slowing down of the current 
inactivation. It must be pointed out that the effects of 
neuropeptides were variable from one neuron to another, 
probably due to the expression of a mixture of homo- 
meric ASIC3 channels with ASIC3 -containing heterom- 
eric channels (ASIC3 + 2a, ASIC3 + 2b, ASIC3 + la), 
which could display different regulations by FMRFam- 
ide-related peptides. 



3,3. Effect of ASIC3-like current on sensory neuron 
excitability 

Membrane potential variations were recorded in the 
current-clamp mode on DRG neurons expressing an 
ASIC3-like current. Sensory neurons had a resting 
potential around -55 mV (-57.4 + 2.6 mV, n = 15) 
and no spontaneous action potentials (APs) were trig- 
gered. Fig. 4A shows the depolarisation induced by pH 
6, 6.3 and 6.6 on a single neuron. The transient depolar- 
isations induced by pH 6 and pH 6.3 triggered APs, 
shown on enlargements, whereas the threshold was not 
reached by the transient depolarisation induced by pH 
6.6. These ASIC3-like expressing neurons displayed a 
mean AP threshold of -26.8 ±1.8mV(« = 20). Spon- 
taneous APs were never triggered during the plateau of 
the depolarisation, even for small pH drops, contrary to 
what was reported for hippocampal neurons (Baron et 
al., 2002). The neuronal excitability during the plateau 
phase was thus studied in response to an electrical stimu- 
lus (Fig, 4B). Current pulses that did not trigger any AP 
at resting potential triggered several APs when applied 
on the sustained depolarisation induced at pH 6.6 and 

6.3. However, this effect was not observed at pH 6 and 
below (pH 5, not shown), probably because of an inacti- 
vation of voltage-sensitive Na + channels that prevented 
AP triggering. These results show that the sustained 
depolarisation induced by a submaximal activation of 
ASIC3-like current increases the excitability of sensory 
neurons in response to another depolarising stimulus. 

3.4. Effects of FMRFamide-r elated peptides on 
sensory neuron excitability 

Fig. 5 shows voltage-clamp (Fig. 5A) and current- 
clamp recordings (Fig. 5B, C) from the same sensory 
neuron expressing an ASIC3-like current. NPSF slowed 
down the inactivation of the ASIC3-like current acti- 
vated at pH 6.3 (Fig. 5A) or at pH 5 (not shown). In 
this neuron, NPSF and NPFF equally slowed down the 
ASIC3-like peak current inactivation and increased the 
sustained current (not shown). The peak current acti- 
vated at pH 6.3 represented 53% of the peak current 
activated at pH 5, and this submaximal pH 6.3-evoked 
peak current induced a transient depolarisation of 22 mV 
(Fig. 5B) representing 55% of the depolarisation induced 
at pH 5 (not shown). The pH 6.3-evoked transient 
depolarisation was unable to induce any AP, contrary to 
the pH 5-induced depolarisation. As expected from the 
effect on ASIC3-like current, the amplitude of the initial 
depolarisation induced by pH 6.3 was not modified by 
NPSF whereas the repolarisation was slowed down (Fig. 
5B). This effect on the membrane potential did not trig- 
ger any spontaneous APs. Neuronal excitability was then 
tested in response to an electrical stimulus (Fig. 5C). In 
control conditions, the current stimulus was chosen just 



E. Devai et al /Neuropharmacology 44 (2003) 662-671 



667 




Fig. 3. Effect of FMRF amide-related peptides on ASIC3-like current from DRG neurons. (A) ASIC3-like currents recorded in whole-cell from 
cultured rat DRG neurons. The dashed line represents the zero current level. Currents were elicited at -50 mV following an external pH drop 
from pH 7.4 to 5, and peptides were applied 30 s before the pH drop. On the last trace, the control current was elicited with only a 5 s application 
of pH 5 (arrowheads). (B) Increase of ASIC3-like sustained currents by FMRFamide-related peptides. The sustained current amplitude measured 
in the presence of each neuropeptide has been normalised to the control currents (n = 3-8). The sustained current amplitudes were measured at 
the end of the pH drop. (C) Effect of neuropeptides on inactivation time constants of pH 5 -evoked ASIC3-like currents. ASIC 3 -like current 
inactivation was fitted by a second order exponential (n = 3-20; *, P < 0.05, P < 0.01, and *, P < 0.001). 



below the threshold of AP triggering during the sus- 
tained depolarisation. Current pulses were unable to trig- 
ger any APs during the late plateau phase, but could 
however induce one or two APs during the initial 
repolarisation of the transient phase. When the ASIC3- 
like current activated at pH 6.3 was slowed down by 100 
pM NPFF (Fig. 5C, left) or NPSF (Fig. 5C, right), the 
same current pulses could trigger more APs than in con- 
trol conditions, because the repolarisation was slowed 
down after the initial transient depolarisation. This effect 
was not observed when the ASIC3-like current was acti- 
vated at pH 6 and below, probably because of an inacti- 
vation of voltage-dependent Na + channels that clamped 
the neuron in an inexcitable state (not shown). 



4. Discussion 

This work describes the effects of NPSF and other 
mammalian FMRFamide-related neuropeptides on 
ASIC3, a channel which is expressed in nociceptive 
DRG neurons (Voilley et al., 2001) and which is thought 



to be involved in nociception (Lingueglia et aL, 1997; 
Kress and Zeilhofer, 1999; Price et al, 2001; Reeh and 
Kress, 2001). We show that NPSF, like other RFamide- 
motif containing peptides, is able to drastically increase 
the inactivation rate and/or the sustained phase of homo- 
meric AS1C3 currents without modifying the peak cur- 
rent. These data confirm and extend the results pre- 
viously described by Askwith et aL (Askwith et ah, 
2000) for FMRFamide and NPFF. We also report that 
QRFamide, a degradation product of NPFF (Sol et al, 
1999), and RFamide, the common C-terminal motif of 
FMRFamide-related peptides, slightly affect ASIC3 sus- 
tained currents. NPSF, and to a lesser degree QRFamide 
and RFamide, appear to be potentially interesting 
ASIC3 -interacting peptides since they have not been 
implicated in G-protein mediated NPFF-receptor effects 
(Sol et al., 1999; Roumy et al., 2000). Surprisingly, and 
as previously observed for NPFF (Askwith et al, 2000), 
the molluscan FMRFamide peptide was more potent 
than NPSF. It may be that mammalian FMRFamide- 
related peptide(s) still to be discovered would be more 
potent than NPSF and NPFF. 
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Fig. 4. Effect of ASIC3-like sustained current on sensory neuron excitability. Original current-clamp recordings from a single DRG neuron. (A) 
Current-clamp recording (1 = 0 pA) of depolarisation induced by a pH drop from pH 7.4 to pH 6 (top), pH 6.3 (middle) and pH 6.6 (bottom). 
Spontaneous APs were never triggered during the plateau of the depolarisation. (B) Current-clamp recording (1 = 0 pA) of depolarisation induced 
by a pH drop from pH 7.4 to pH 6 (top), pH 6.3 (middle) and pH 6.6 (bottom), with current pulses applied repetitively throughout the recording. 
The same current pulse amplitude was used for the three pH drops tested. Current pulses that did not trigger any APs at resting potential triggered 
several APs when applied on the sustained depolarisation induced at pH 6.6 and pH 6.3. The dashed line represents the 0 mV level. The time- 
lapse indicated by a black mark below the recording was enlarged in the insets, to show the APs triggered by the initial depolarisation. The same 
results were obtained from three different DRG neurons. 



NPSF, or other related neuropeptides, were not able 
to generate an ASIC3 current on their own. However, 
NPSF (like FMRFamide) probably acts directly on the 
channel, although additional experiments are needed to 
unambiguously eliminate the possibility of an indirect 
interaction via membrane receptors. NPSF and the dif- 
ferent neuropeptides exert effects on endogenous 
ASIC3-like sustained currents recorded from DRG neu- 
rons which are similar to the effects observed in the 
recombinant system. However, the effects were smaller 
than those observed on homomeric ASIC3 currents (two- 
and three-fold increases for NPSF and NPFF, and seven- 
fold increase for FMRFamide), and were essentially due 
to a slowing-down of the inactivation rate. This differ- 
ence could be due to the expression of heteromeric 
ASIC3-containing channels in DRG neurons (Babinski 
et al., 1999; Alvarez de la Rosa et al., 2002; Benson et 
al., 2002). Effects of NPSF and other FMRFamide- 
related peptides on ASIC3 current occur at micromolar 
concentration levels which are close to the FMRFamide 
concentrations needed to activate the molluscan peptide- 
gated Na + channel FaNaCh (Lingueglia et al., 1995; 
reviewed by Cottrell, 1997). Although neuropeptides are 
generally considered to act at lower concentrations by 
binding to G-protein-coupled receptors, molluscan pep- 
tide-gated Na + channel has been implicated in the modu- 



lation of neurotransmission (Green et al, 1994; Lingueg- 
lia et al, 1995). In light of the effect of FMRFamide in 
molluscs, it can be postulated that mammalian FMRFa- 
mide-related peptides could also exert a neuromodula- 
tory effect on sensory neurons through their direct effect 
on ASIC3. This would particularly be the case for NPSF 
which displayed a low affinity toward NPFF receptor (28 
times less than NPFF), and which has been shown to be 
ineffective in reducing the effect of nociceptin in dorsal 
raphe neurons (Roumy et al, 2000). 

In DRG neurons, transient depolarisations induced by 
small pH drops (from pH 7.4 to pH 6 or 6.3) were able 
to trigger APs, and were followed by a sustained 
depolarisation due to the plateau phase of ASIC3-like 
currents. No APs were spontaneously triggered during 
this sustained depolarisation, even for small pH drops, 
contrary to what was previously reported for hippocam- 
pal neurons (Baron et al., 2002). However, electrical 
infraliminar stimuli (i.e. that did not trigger APs at the 
resting membrane potential) became able to generate 
APs when applied during the sustained depolarisation 
induced at pH 6.6, pH 6.3, but not at pH 6 or below. 
These data show that the sustained depolarisation 
induced by submaximal activation of ASIC3-like current 
increases the excitability of sensory neurons in response 
to another depolarising stimulus, although effects of pH 
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Fig. 5. Effect of FMRFamide-related peptides on sensory neuron 
excitability. Voltage-clamp and current-clamp recordings from a single 
DRG neuron expressing an ASIC3-like current. (A) Voltage-clamp 
recordings showing the effect of NPSF (100 uM) on the ASIC3-like 
current induced by a pH drop from pH 7.4 to pH 6.3. Holding potential: 
—50 mV. (B) Current-clamp recordings (1 = 0) of the depolarisation 
induced by a pH drop from pH 7.4 to pH 6.3 before and after a 30 s 
application of NPSF 100 uM (right). The dashed line represents the 0 
mV level. (C) Effect of 100 uM NPFF (left) and NPSF (right) on 
neuronal excitability. Current-clamp recordings (I = 0) of the depolaris- 
ation induced by a pH drop from pH 7.4 to pH 6.3 with current pulses 
applied repetitively throughout the pH drop. The same current pulse 
amplitude was used for the four recordings shown. After a 30 s appli- 
cation of 100 u.M NPFF (left, bottom) or 100 uM NPSF (right, 
bottom), the same current pulses could trigger more APs than in con- 
trol conditions (upper traces). The dashed line represents the 0 mV 
level. The same results were obtained from three different DRG neu- 
rons. 



on other channels (K + , VR1) cannot be ruled out. How- 
ever, the proportion of neurons expressing the different 
current types (ASIC and VR1 currents) has recently been 
described (Mamet et al., 2002). Indeed, in the present 
study, effects of neuropeptides have only been tested on 
DRG neurons expressing an ASIC3-like current. More- 
over, several studies described the pH-sensitivity of the 
vanilloid receptor VR1 (Tominaga et al., 1998; Jerman 
et al, 2000; Welch et al, 2000), with a half activation 
of the channel at pH values below 5. Under these cir- 
cumstances, it can be proposed that there is no, or only a 
minor, contribution of VR1 to the acid-evoked sustained 
current elicited at pH 6 and 6.3. Furthermore, we perfor- 
med experiments in COS cells expressing rat VR1 (not 
shown) showing that NPSF, NPFF and FMRFamide 
(100u\M) have no effect on the acid-evoked VR1 current. 
DRG neurons form a physically and functionally het- 



erogeneous population that expresses different mixes of 
voltage-gated Na + channels. It has been shown that both 
TTX-sensitive (TTX-S) and TTX-resistant (TTX-R) cur- 
rents were expressed by small DRG neurons from adult 
rats (Rush et al, 1998). At least 95% of TTX-S channels 
appeared to be inactivated by potentials more positive 
than -40 mV, whereas more than 90% of TTX-R chan- 
nels were available at -40 mV. TTX-R currents were 
thus the best candidates to support firing under con- 
ditions of chronic depolarisation. It can then be proposed 
that the initial APs observed during an external pH acidi- 
fication would result from the activation of both TTX- 
S and TTX-R Na + channels. This hypothesis is supported 
by the mean AP threshold measured during our experi- 
ments on sensory neurons (-26.8 ± 1.8 mV, n = 20). 
Then, the APs electrically triggered during the sustained 
depolarisation would be related to the activation of TTX- 
R channels. This conclusion is supported by a recent 
study (Rola et al, 2002) which suggests that AP trig- 
gering in cardiac DRG neurons during membrane 
depolarisation, is mostly due to TTX-R current. How- 
ever, the TTX-R channels would be inactivated when 
the acid-evoked sustained depolarisation is too high (i.e. 
for pH 6 and below), and the neuron would then become 
inexcitable. This property could be important in coding 
sustained pain, when the neuron is stimulated by several 
painful stimuli, and modulators of this plateau phase, 
such as NPSF or NPFF, could thus play a major role in 
various physiopathological conditions. 

To conclude, we have shown that NPSF, like other 
FMRFamide-related peptides, acts on heterologously 
expressed ASIC3 currents by increasing the slow sus- 
tained phase. This effect led us to investigate the role of 
ASIC3 sustained current in DRG neuron excitability. We 
have reported that ASIC3-induced sustained depolaris- 
ation modulates the neuronal excitability in response to 
other stimuli. The neuronal excitability could be either 
increased when the membrane potential reached during 
the sustained depolarisation is just below the activation 
threshold of the voltage-dependent TTX-R channels, or 
decreased by a higher sustained depolarisation that leads 
to inactivation of these Na + channels. Regulation of 
ASIC3-induced sustained depolarisation by NPSF and 
FMRFamide-related peptides could thus constitute a fine 
tuning of nociceptive neuron excitability in coding sus- 
tained pain, particularly under inflammatory conditions 
where the expression levels of both the NPFF precursor 
(Vilim et al., 1999) and of the ASIC3 subunit (Voilley 
et al, 2001) are increased. 
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Acid-sensing ion channels (ASICs) are cationic chan- 
nels activated by extracellular protons. They are ex- 
pressed in sensory neurons, where they are thought to 
be involved in pain perception associated with tissue 
acidosis. They are also expressed in brain. A number of 
brain regions, like the hippocampus, contain large 
amounts of chelatable vesicular Zn 2+ . This paper shows 
that Zn 2+ potentiates the acid activation of homomeric 
and heteromeric ASIC2a-containing channels (Le. 
ASIC2a, ASICla+2a, ASIC2a+3), but not of homomeric 
ASICla and ASIC3. The EC 50 for Zn 2+ potentiation is 120 
and 111 jam for the ASIC 2 a and ASICla+2a current, re- 
spectively. Zn 2+ shifts the pH dependence of activation 
of the ASICla+2a current from a pH 0 5 of 5.5 to 6.0. 
Systematic mutagenesis of the 10 extracellular histi- 
dines of ASIC2a leads to the identification of two resi- 
dues (His-162 and His-339) that are essential for the Zn 2+ 
potentiating effect. Mutation of another histidine resi- 
due, His-72, abolishes the pH sensitivity of ASIC2a. This 
residue, which is located just after the first transmem- 
brane domain, seems to be an essential component of the 
extracellular pH sensor of ASIC2a. 



Acid-sensing ionic channels (ASICs) 1 are H + -gated cation 
channels expressed in sensory neurons and in neurons of the 
central nervous system. Four different genes encoding six 
polypeptides have been identified so far: ASICla (1) and 
ASIClb (2), ASIC2a (3-6) and ASIC2b (7), ASIC3 (8-10), and 
ASIC4 (11, 12). Functional ASICs are thought to be tetrameric 
assemblies of ASIC subunits (13, 14). Both homomeric and 
heteromeric ASICs can be formed, which exhibit different ki- 
netics, external pH sensitivities, and tissue distribution (7, 
14-17). The recently identified ASIC4 subunit does not seem to 
form a H + -activated channel on its own (11, 12). 

ASICla is present in brain and sensory neurons, whereas its 
splice variant ASIClb is found only in sensory neurons. Both 
ASICla and ASIClb mediate fast inactivating currents upon 
modest but rapid acidification of the external medium. ASIC2a 
is substantially expressed in the brain, whereas its variant 
ASIC2b is present in both brain and sensory neurons. ASIC2b 
has no activity on its own but can form functional heteromers 
with other ASIC subunits and particularly ASIC3 (7). ASIC3 is 
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specifically found in the small nociceptive sensory neurons and 
generates a biphasic current with a fast inactivating phase, 
followed by a sustained component (10). All the ASIC subunits 
share the same topological organization with intracellular N 
and C termini and two putative transmembrane domains 
flanking a large cysteine-rich extracellular loop (16). 

In sensory neurons, ASIC currents are thought to play an 
important role in nociception during a tissue acidosis, for in- 
stance in muscle and cardiac ischemia (18-23) and in inflam- 
mation (24). It has been also proposed that some might partic- 
ipate in touch sensation (25, 26). Their function in the central 
nervous system is less documented. An important role of ASICs 
in signal transduction associated with local pH variations dur- 
ing normal neuronal activity has been proposed (27, 28). They 
might also be involved in pathological situations such as brain 
ischemia and epilepsy that produce significant extracellular 
acidification. 

Some ASICs are expressed in brain regions that contain 
large amounts of chelatable Zn 2+ . For instance, presynaptic 
vesicles of glutamatergic hippocampal terminals contain Zn 2+ 
in up to millimolar concentrations (29, 30). Zn 2+ corelease with 
the neurotransmitter results in a transient increase of the local 
synaptic Zn 2+ concentration up to 100-300 /am from resting 
levels below 500 nM (31-35), and has the potential to alter the 
behavior of various membrane channels and neurotransmitter 
receptors (35-37). 

Here we show that Zn 2+ potentiates the activation of 
ASIC2a-containing channels. We have used site-directed mu- 
tagenesis to investigate the structural determinants of Zn 2+ 
coactivation in the extracellular loop of the ASIC2a subunit. 
We have identified two histidine residues, His-162 and His- 
339, that are essential for the Zn 2+ potentiating effect, but also 
another histidine residue, His-72, which causes a large shift in 
pH sensitivity of ASIC 2a when mutated and could be an im- 
portant component of the pH sensor. 

EXPERIMENTAL PROCEDURES 

Expression of ASIC Currents in Xenopus oocytes — Xenopus laevis 
were purchased from CRBM (Montpellier, France). Pieces of the ovary 
were surgically removed, and individual oocytes were dissected in a 
saline solution (ND96) containing 96 mM NaCl, 2 mM KC1, 1.8 mM 
CaCl 2 , 2 mM MgCl 2 , and 5 mM HEPES (pH 7.4 with NaOH). Stage V and 
VI oocytes were treated for 2 h with collagenase (1 mg/ml, type la, 
Sigma) in ND96 to remove follicular cells. cRNA of rat ASICla, WT and 
mutated ASIC2a and ASIC3 were synthesized with the mCAP RNA 
capping kit from Stratagene and injected (0.15-2.5 ng/oocyte) using a 
pressure microinjector. The oocytes were kept at 19 °C in the ND96 
saline solution supplemented with penicillin (6 jutg/ml) and streptomy- 
cin (5 jAg/ml). Oocytes were studied within 1-3 days following injection. 
In a 0.3-ml perfusion chamber, a single oocyte was impaled with two 
standard glass microelectrodes (1-2.5-megohm resistance) filled with 3 
M KC1 and maintained under voltage clamp using a Dagan TEV 200 
amplifier. Currents were sampled at 100 Hz and low pass-filtered at 
500 Hz. Data acquisition and analysis were performed using pClamp 
software (Axon Instruments). All experiments were performed at room 
temperature (20-22 °C) in ND96 bathing solution. For measurements 
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Fig. 1. Typical experiment showing the potentiation by Zn 2+ 
of the heteromeric ASICla+2a current expressed in Xenopus 
oocytes. A, 300 /am Zn 2+ could not activate any ASIC current at pH 7.4 
(a), but increased the amplitude of ASIC current induced by pH 6.3 (6), 
whether it was applied simultaneously (c) or before the pH step {d). 
Zn 2+ did not reactivate the ASIC current when fully inactivated by pH 
6.3 (e) but increased the not fully inactivated current (/). B, On the same 
oocyte, Zn 2 "" (300 /am) induced a left shift of the current activation curve 
associated with an increase in the Hill coefficient (O, control; + 
Zn 24 "). The current amplitude is expressed as a fraction of the current 
induced by pH 5 (I/I pH 5)* Holding potential, -70 mV. 

of ASIC currents, changes in extracellular pH were induced by rapid 
perfusion of the experimental chamber. Depending on the pH range, 
acidic solutions were buffered with HEPES (pH > 6), MES (pH between 
6 and 5), or acetate (pH < 5). 

Expression of ASIC Currents in COS Cells — COS cells, at a density of 
20,000 cells/35-mm diameter Petri dish, were transfected with a mix of 
pCI-CD8 and the following plasmids: pCI-rASICla, pCI-rASIC2a, or 
pCI-rASIC3 (1:5 ratio) using the DEAE-dextran method. Cells were 
used for electrophysiological measurements 1-3 days after transfection. 
Successfully transfected cells were recognized by their ability to fix CD8 
antibody-coated beads (Dynal). Ion currents were recorded using the 
whole cell patch-clamp technique (38). Data were sampled at 500 Hz 
and low pass-filtered at 3 kHz using pClamp8 software (Axon Instru- 
ments). The statistical significance of differences between sets of data 
was estimated by single-sided Student's t test. The pipette solution 
contained (in mM): KC1 140, NaCl 5, MgCl 2 2, EGTA 5, HEPES 10 (pH 
7.35); and the bath solution contained (in mM): NaCl 150, KC1 5, MgCl 2 

2, CaCl 2 2, HEPES 10 (pH 7.45). MES or acetate were used instead of 
HEPES to buffer bath solution pH ranging from 6 to 5, and from 4.5 to 

3, respectively. ZnCl 2 was added to the bath solution at concentration 
ranging from 1 /am to 10 mM. Changes in extracellular pH were induced 
by shifting one out of six outlets of a microperfusion system in front of 
the cell. Experiments were carried out at room temperature (20-22 °C). 

Site-directed Mutagenesis — Mutants were prepared by polymerase 
chain reaction using a modification of the method of gene splicing by 
overlap extension (39) or using the GeneEditor in vitro site-directed 
mutagenesis system from Promega. The amplified products were di- 
gested by EcoBl and Xhol and subcloned into the pBSK-SP6-globin 
vector specially designed for Xenopus oocyte expression (5). cRNA were 
synthetized from the Notl -digested vector using the mCAP RNA cap- 
ping kit from Stratagene. 

RESULTS 

Effect ofZn 2+ on the Heteromeric ASICla+2a Current— The 
extensive colocalization of the ASIC la and ASIC2a subunits in 
central neurons (3, 15) led us to first study the effect of Zn 2+ on 
the heteromeric ASICla+2a channel expressed in Xenopus 
oocytes. The properties of the current recorded after coinjection 
of equal quantities of both ASIC la and ASIC2a cRNA were in 
good agreement with those already described for a heteromeric 
ASIC la + 2a current (15). However, in the presence of 300 /am 
Zn 2H \ the submaximal ASIC current induced by pH 6.3 was 
increased -3-fold (Fig. 1A, b and c), whereas Zn 2 * alone at pH 



7.4 could not activate any current (Fig. LA, a). The same Zn 2+ - 
potentiated ASIC current could be recorded when Zn 2+ was 
applied either before the acidic pH jump (tested up to 3 min; 
Fig. 1A, d) or simultaneously (Fig. 1A, c). When the ASIC 
current was fully inactivated (after 5 s at pH 6.3; Fig. 1A, e), it 
could not be reactivated by the addition of Zn 2+ . However, 
application of Zn 2+ in the course of the inactivation process was 
still able to increase the fraction of the ASIC current that was 
not inactivated (Fig. LA, f). Based on these results, Zn 2+ 
was applied simultaneously with the pH drop in all subsequent 
experiments. 

Zn 2+ (300 /am) induced a left shift of the ASICla+2a half- 
maximal activation from pH 5.5 to pH 6, and an increase in the 
Hill coefficient from 1.05 to 1.4 (Fig. IB, typical experiment; 
Fig. 2A, mean results), whereas the maximal current induced 
at pH 4 was not modified. Fig. 2B shows the mean factor by 
which the ASIC la + 2a current amplitude was increased by 300 
/am Zn 2+ at different pH values. The potentiation by Zn 2+ 
depended on the extracellular pH, with greater effects between 
pH 6.9 and 6.3 than between pH 6 and pH 5. The relative 
Zn 2+ -induced increases in current amplitude reached 4.00 ± 
1.06-fold (n = 6) the control current, for pH 6.6. Zn 2+ has no 
effect on the pH-dependent ASIC la -f 2a current inactivation 
(Fig. 2C). Zn 2+ concentrations between 1 /am and 10 mM were 
tested on ASICla+2a currents activated at pH 6.3 (Fig. 2D). 
The Zn 2 "*" concentration producing the half-maximal increase 
in current amplitude was 111 jam with a Hill coefficient of 0.8. 
A Zn 2+ concentration of 300 /am was used in all further 
experiments. 

Effect of Zn 2+ on Homomeric ASICla and ASIC2a Cur- 
rents — To determine which ASIC subunit was responsible for 
the Zn 2+ potentiation of the heteromeric ASICla+2a current, 
we have tested the effects of Zn 2+ on homomeric ASICla and 
ASIC2a currents expressed in Xenopus oocytes. ASIC2a re- 
quires rather low extracellular pH for activation (pHq 5 = 4.34, 
Fig. 3A) (6, 15). When applied simultaneously with acid, 300 /am 
Zn 2+ increased the amplitude of the ASIC2a current only in the 
first half of the activation curve, between pH 6.3 and pH 4.5 
(Fig. 3A). Even if the effect of Zn 2+ on the ASIC2a activation 
curve seems moderate, the relative increases in current ampli- 
tude reached 1.21 ± 0.04-fold (n = 11) to 7.00 ± 1.89-fold (n = 
4) the control current, for pH 4.5 and 6.3, respectively (Fig. 3B). 
Zn 2+ coactivated the homomeric ASIC2a current induced by 
pH 5.7 with an EC 50 of 120 /am and a Hill slope factor of 1.44 
(Fig. 3B, inset). 

In contrast to ASIC2a, ASICla current is not potentiated by 
Zn 2+ (Fig. 3C). Zn 2 * instead exerted a very small inhibition on 
the ASICla current, but this effect was not significant. Fig. 3D 
illustrates that the effects of 300 /am Zn 2+ on the ASICla, 
ASIC2a, and ASIC la 4- 2 a currents induced by pH 6 and 5 are 
similar after expression in COS cells (transfection) or Xenopus 
oocytes (cRNA injection). 

Effect of Zn 2+ on Heteromeric ASIC2a+3 and Homomeric 
ASIC3 Currents — Since the Zn 2+ -induced potentiation of ASIC 
currents seemed to be linked to the presence of the ASIC2a 
subunit, we tested the effect of Zn 2+ on the heteromeric 
ASIC2a+3 channel expressed in Xenopus oocytes. Such an 
association has been characterized by Babinski et al. (17). The 
ASIC3 current was not potentiated but rather slightly inhib- 
ited by 300 /am Zn 2+ (Fig. 4A). However, when ASIC2a was 
coexpressed with ASIC3, Zn 2+ potentiated both the peak and 
the plateau phases of the current (Fig. 4B). Fig. 4C illustrates 
the relative Zn 2+ -induced increase of ASIC3, ASIC2a+3, and 
ASIC la + 2a currents activated at pH 6, 5, and 4. The potenti- 
ation of the ASIC2a+3 current by Zn 2+ was similar to that of 
the ASIC la + 2a current. 
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Fig. 2. Effect of Zn 2+ oh the hetero- 
meric ASICla+2a current expressed 
in Xenopus oocytes. A, effect of Zn 2+ on 
the activation of the ASIC la + 2a current. 
The current amplitude is expressed as a 
fraction of the current induced by pH 5 
(I/L H5 ). Zn 2+ (300 /i,M) induced a left shift 
of the mean activation curve, the pHo 5 be- 
ing shifted to 6.0 (•) from a control value at 
5,5 (O), associated with ah increase of the 
Hill coefficient reaching 1.4 from the con- 
trol value of 1.05. £, relative effect of 300 
IxM Zn 2+ for each pH value. The ratio be- 
tween the current amplitude in presence 
and in absence of Zn 2 f dz^/Icontroi) was 
calculated for each pH value and plotted as 
mean ± S.E. (n = 4-11). *,p < 0.05; **,p < 
0.005, significantly different from pH 4 ra- 
tio. C, effect of Zn 2+ on the pH-dependent 
inactivation of heteromeric ASIC la + 2a 
current. The current was induced by pH 4 
from a resting pH value ranging from 8 to 
5, normalized to the current induced from 
pH 7.4 (I/I pH 7 4 )> and expressed as mean ± 
S.E. as a function of resting pH value (n - 
3-21). O, control; +300 jam Zn 2+ . D, 
dose-response curve of Zn 2+ potentiation of 
ASICla-l-2a current. Currents were acti- 
vated by pH 6.3 in absence and presence of 
Zn 2+ concentrations ranging from 1 /xM to 
10 mM. The current amplitude increase (51) 
was normalized to its maximal value (51/ 
8I max ) and plotted as mean ± S.E. as a 
function of Zn 2+ concentration {n — 3—12). 
Inset, original current traces showing the 
effect of 100 /xm and 300 Zn 2+ . Holding 
potential, -70 mV. 

Involvement of Extracellular Histidines in the Coactivation of 
ASIC2a by Zn 2+ — ASIC2a appears as the major subunit con- 
ferring Zn 2+ sensitivity to ASICs. We used site-directed mu- 
tagenesis to investigate the structural determinants of Zn 2+ 
coactivation in the extracellular loop of the ASIC2a subunit. 
Amino acids found at Zn 2+ binding sites in proteins include 
histidine, cysteine, and occasionally aspartate or glutamate 

(40) . When charged water-soluble sulfhydryl reactive reagents 
like MTSET, a cationic methanethiosulfonate, were applied 
extracellularly, they had no effect on the ASIC2a current, mak- 
ing unlikely that a cysteine residue interact with extracellu- 
larly applied Zn 2+ (data not shown). On the other hand, dieth- 
ylpyrocarbonate that reacts with several amino acid side 
chains, including the imidazole group side of histidine residues 

(41) , suppressed the Zn 2+ activation of the ASIC2a current 
(Fig. 5B) and of the ASICla+2a current (data not shown), 
suggesting a possible involvement of histidine residues in the 
Zn 2+ coactivating effect. We systematically replaced the 10 
histidine residues in the extracellular loop of ASIC2a by ala- 
nine arid checked the Zn 2+ sensitivity of the mutants (Table I). 
All mutants were still functional with no significant modifica- 
tions of their pH 0 5 except the H72A mutant that had lost its 
ability to be activated by acidic pH down to pH 3. The expected 
potentiation of the ASIC2a current by zinc (up to 2 times at pH 
5.5) was observed for the wild-type channel and for several 
mutants, but two of them, H162A and H339A, displayed no 
apparent potentiation, with little if any modification of their 
properties (Table I and Fig. 5, C and D). Each of these mutants 
lacked the potentiating effect of 300 u,m Zn 2+ , which could be as 
high as an 8-fold increase compared with the wild-type current 
amplitude at pH 6 (Fig. 5E). The absence of effect is not due to 
a shift in the pH dependence since the pH 0 5 of the two mutants 
(H162A, pH 0 5 = 4.71; H339A, pH 0>5 = 4.74) was not signifi- 
cantly modified compared with the wild-type channel (pH 0 5 = 
4.72) (Table I). 

Effect ofZn 2+ on Heteromeric ASIC Currents Involving Mu- 



tated ASIC2a Subunits — We coexpressed wild type ASIC2a or 
H162A and H339A mutants with ASIC la. The pH sensitivity of 
the ASICla+2a heteromeric currents was similar whether the 
ASIC2a subunit was mutated or not (Fig. 6B). Surprisingly, the 
ASICla+ASIC2a H162A current remained highly sensitive to 
zinc, whereas the ASICla+ASIC2a H339A current was prac- 
tically insensitive (Fig. 6A). Even if the pH dependence found 
for the heteromeric ASICla+ASIC2a H339A current (pH 0 5 = 
5.7, Fig. 6B) was intermediate between that of homomeric 
ASIC la (pH 0 5 = 6.4) and ASIC2a (pH 0 5 - 4.7), this did not 
completely exclude a mixture of the two different homomeric 
currents. To confirm the heteromeric association of the ASICla 
and ASIC2a H339A subunits, we have used the G430V mutant 
of ASICla, which displays a low basal amiloride-sensitive cur- 
rent and is not activated by acidification (15). Co-expression of 
this mutant with ASIC2a H339A induced a proton-activated 
current with a pH 0 5 significantly different from that of the 
ASIC2a H339A channel alone, indicating that a heteromultim- 
eric channel was indeed formed by association of both subunits 
(Fig. 6C). This confirmed that the ASIC2a H339A mutation 
was responsible for the lack of Zn 2 * coactivation on the hetero- 
meric channel formed with ASICla. 

We coexpressed wild type or H162A and H339A mutants of 
ASIC2a with ASIC3. The pH sensitivity of the heteromeric 
ASIC2a + 3 current was similar whether the ASIC2a subunit 
was mutated or not (Fig. 6E). When coexpressed with ASIC3, 
the H162A and the H339A mutated forms of ASIC2a decreased 
the effect of Zn 2+ on both transient and sustained current. The 
decrease in zinc effect was more pronounced for the H339A 
mutation than for the H162A mutation (Fig. 6D), as observed 
previously with the ASICla+2a current. 

Involvement of Extracellular Histidines in the Activation of 
ASIC2a by Protons— The ASIC2a H72A mutant is not acti- 
vated by increasing the external H + concentration (Table I). 
This can reflect a loss of the capability of the channel to sense 
extracellular pH. However, this could also be due to a disrup- 
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COS cells X. Oocytes 

Fig. 3. Effects of Zn 2+ on ho mora eric ASIC la and ASIC 2 a currents. A, effect of Zn 2+ on the pH-dependent activation of the ASIC2a current 
expressed in Xenopus oocytes. Current amplitude was expressed as a fraction of the current induced by pH 5 (I/I pH 5)) and* plotted as mean ± S.E. 
(n ~ 3-22). The control curve (O) showed a half-maximal activation at pHq 5 = 4.34 and a Hill coefficient of 1.3. Zn 2+ 300 fxM (•) increased the 
amplitude of ASIC2a currents activated by pH values under the pH 0 5 value. Inset, current traces showing the effect of Zn 2+ on ASIC2a current 
activated at pH 5. Holding potential, —70 mV. B, relative effect of Zn 2+ on ASIC2a current expressed in Xenopus oocytes for each pH value. The 
ratio between the current amplitude in presence and in absence of Zn 2+ 300 (Iz n 2+ ^controi) was plotted as mean ± S.E. (n = 3-22). *, significantly 
different from the pH 4 ratio (p < 0.005). Inset, dose-response curve of Zn 2 + potentiation of ASIC2a current. Currents were activated by pH 5,7 
in absence and presence of Zn 2+ concentrations ranging from 1 to 10 mM. The current amplitude increase was normalized to its maximal value 
(SVSl max ) and plotted as mean ± S.E. as a function of Zn 2+ concentration {n - 8-12). The calculated Hill coefficient is 1.44. C, effect of Zn 2+ on 
the pH-dependent activation of the ASIC la current expressed in Xenopus oocytes. Current amplitude was expressed as a fraction of the current 
induced by pH 5 (I/Ip H s)» plotted as mean ± S.E. (n = 3-9). The control activation curve (O) showed a half-maximal activation at pH 0 5 = 6.37 
and a Hill slope factor of 1.64. Zn 2+ at 300 jam (•) did not increase ASIC la current. Inset, current traces showing ASIC la currents activated at pH 
5 in absence and presence of Zn 2+ . Holding potential, -70 mV. D, relative effect of Zn 2+ on ASICla+2a, ASICla, and ASIC2a currents activated 
at pH 6 (white bars) and pH 5 (black bars), expressed in COS cells (left) or Xenopus oocytes (right). The ratio between the current amplitude in 
presence and in absence of Zn 2+ 300 ^.M (I Zn 2 "*7I contro i) was calculated for each pH value and plotted as mean ± S.E. (n = 4-22). 



tion of the necessary association with other subunits to form a 
homomeric channel. Analysis of the pH sensor of ASICs is 
complicated by the absence of other modes of activation, such 
as capsaicin and/or temperature for the VR1 channel (42). To 
analyze in more detail the effect of the H72A mutation on the 
ASIC2a properties, we have used a previously described gain- 
of-function mutant of ASIC2a that displays a medium to high 
amiloride-sensitive basal current and retains the property to be 
activated by external protons (5, 6). This mutant corresponds to 
the change of one amino acid, Gly-430, located in a region 
preceding the second transmembrane domain of ASIC2a. This 
residue plays a key role in the gating of the channel (6, 43). The 
G430T mutant has a large basal current and a pH 0 5 of 6.6 for 
protons activation (Fig. IB and Ref. 6). The H72A mutation has 
been introduced in this mutant, and the properties of the dou- 
ble mutant have been analyzed. Interestingly, the double mu- 
tant was functional (Fig. 7A), demonstrating that the H72A 
mutation is not a loss-of-function mutation and that subunit 
association was not disrupted. Like the single gain-of-function 
mutant (6), the double mutant showed a large constitutive 
current, which remained activated by low pH with no apparent 
inactivation (Fig. 7A), but the pH dependence was largely mod- 
ified, shifted toward more acidic pH by almost 2 orders of 
magnitude (pH 0 5 = 4.9; Fig. IB). This drastic modification of 
the pH sensitivity of ASIC2a by the H72A mutation could 
explain the lack of activation of the single H72A mutant 
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Fig. 4. Effects of Zn 2+ on homomeric ASIC3 and heteromeric 
ASIC2a+3 currents expressed in Xenopus oocytes. Current traces 
showing the effect of Zn 2+ (300 /xm) on ASIC3 (A) and ASIC2a+3 (B) 
current activated by pH 5 and recorded at -70 mV. C, relative effect of 
Zn 2+ on ASIC 3, ASIC2a+3, and ASICla+2a currents activated at pH 
6 (white bars), pH 5 (gray bars), and pH 4 (black bars). The ratio 
between the current amplitude in presence and in absence of Zn 2+ 300 
jam dzn 2+ /Icontroi) was calculated for each pH value and plotted as 
mean ± S.E. (n = 5-10). *, p < 0.05; **, p < 0.005, significantly 
different from pH 4 ratio. 
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FIG. 5. Alanine substitution of His- 162 and His-339 in ASIC2a 
abolished the effect of Zn 2+ on homomeric ASIC2a current. A, 

Zn 2+ (300 iiM) increases the amplitude of homomeric ASIC2a current 
activated by pH 5.75. B } effect of Zn 2+ is suppressed after application of 
0.6 mM diethylpyrocarbonate (DEPC) for 10 min, suggesting an involve- 
ment of histidine residues in this effect. H162A (C) and H339A (D) 
mutations aboUsh the Zn 2+ coactivation of ASIC2a current. E, effect of 
Zn 2+ on the activity of WT, H162A, and H339A ASIC2a currents stim- 
ulated by pH ranging from 6 to 4. The Zn 2+ effect is expressed as the 
ratio between the current amplitude in presence and in absence of Zn 2+ 
300 (I 2n 2 f /I con troi) calculated from current traces as in A-Z). Data are 
shown as mean ± S.E. (n = 4-15). *, p < 0.05; **, p < 0.005, signifi- 
cantly different from wild type channel. Holding potential for A-E, -70 
mV. 

Table I 

Alanine substitution of ASIC2a extracellular histidines and effect on 
zinc coactivation activity 
Schematic representation of the ASIC2a subunit showing the mu- 
tated histidines in the extracellular loop and the two membrane-asso- 
ciated domains (Ml and M2) is shown on the left. The pH for half- 
maximal activation (pH 0 5 ) and the effect of co-application of Zn 2+ with 
acidic pH (pH 5.5) calculated as the ratio between the current ampli- 
tude in presence and in absence of 300 ijlm Zn 2+ (I Zn 2 "7I ctr ) were deter- 
mined for each mutant at a holding potential of -70 mV. Means ± S.E. 
are shown (n = 3-10). **, p < 0.005, significantly different from wild 
type ASIC2a (unpaired t test). NA, nonactivated by acidic pH. 
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4.7210.32 


1.63 + 0.14 
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4.7110.18 


1.0710.05 ** 


H180A 
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4.4310.24 


1.74 + 0.15 


H326A 


4.9010.31 


1.4410.03 


H339A 


47410.19 


1.0510.06 ** 



because shifting the pH 0 5 of the wild-type ASIC2a channel 
(pH 0 5 = 4.7) to more acidic values by several pH units would 
lead to a channel virtually insensitive to proton activation. 
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Fig. 6. Effect of ASIC2a H162A and H332A mutations on the 
Zn 2+ coactivation of heteromeric ASICla+2a and ASIC2a+3 
channels. A, Zn 2+ effect on heteromeric channels containing ASIC la 
and the mentioned ASIC2a subunit at different pH. Representation and 
experimental procedures are the same as in Fig. 52?. Data correspond to 
mean ± S.E. (n = 7-11). *, p < 0.05; **, p < 0.005, significantly 
different from WT channel (unpaired t test). B y pH dependence of 
heteromeric channels containing WT or mutated ASIC2a subunits. The 
pH 05 of channels containing WT (•), H162A (■), and H339A (A) 
ASIC2a subunits are 5.8, 6.0, and 5.7, respectively. Current amplitude 
was expressed as a fraction of the current induced by pH 3.0 (I/I max ). 
Each point corresponds to mean ± S.E. of 8-12 oocytes. C, pH depend- 
ence of homomeric ASIC2a H339A (A), ASICla G430V (•), and hetero- 
meric ASIC2a H339A+ ASICla G430V (■) channels was established. 
Each point represents the mean ± S.E. of 8-12 oocytes. Currents were 
recorded at a holding potential of -70 mV. The ASICla G430V mutant 
is not activated by increasing the H* concentration, as described pre- 
viously (15). The pH 0 5 of the heteromeric channel is largely shifted 
toward more alkaline pH compared with the ASIC2a H339A mutant 
alone, demonstrating an association of this mutant with ASICla. D, 
Zn 2+ effect on heteromeric channels containing ASIC3 and the men- 
tioned ASIC2a subunit at different pH. Data correspond to mean ± S.E. 
(n = 6-14). *, p < 0.05; **, p < 0.005, significantly different from WT 
channel (unpaired t test). E y the H162A and H339A mutations in 
ASIC2a were without effect on the pH dependence of the ASIC2a+3 
peak current. pH 05 values were, respectively, 4.3, 4.1, and 4.3 for 
channels containing WT (■), H162A (A), and H339A (•) ASIC2a sub- 
units. Each point corresponds to mean ± S.E. of 6-9 oocytes. Current 
amplitude was expressed as a fraction of the current induced by pH 3 
(I/C ax ). Holding potential for A-E, -70 mV. 



DISCUSSION 

Coactivation of ASIC Currents by Zn 2+ — Zn 2+ is known to 
exert a variety of inhibitory effects on ion channels, but stim- 
ulatory effects are rare. For instance, potentiation by Zn 2+ has 
been described for the activation of purinergic P2X 2 , P2X 3 , and 
P2X 4 channels by ATP (44-46). 

We show that both homomeric ASIC2a channels and hetero- 
meric ASIC2a-containing channels are potentiated when Zn 2+ 



35366 



Histidines in Zn 2 * and H + Coactivation of ASICs 



A 

ASIC2a G430T + H72A 

PH 



5.5 




7 6 5 4 3 



Fig. 7. The H72A mutation modifies the pH dependence of 
homomeric ASIC2a current. A, the G430T mutation is associated 
with a basal amiloride-sensitive current (5), but the mutated channel is 
still activated by acidic pH with modified pH sensitivity compared with 
wild-type channel (6). Introduction of the H72A mutation in the G430T 
ASIC2a mutant does not eliminate the basal activity and the activation 
by acidic pH. The H72A mutation is therefore not loss-of-function, but 
it drastically alters the pH dependence of ASIC2a. The bar above the 
current recordings represents the pH pulse, value being indicated for 
each trace. The zero current base line is indicated by a dotted line. B, 
effect of the ASIC2a H72A mutation on the pH dependence of the 
ASIC2a G430T gain-of-function current. The pH 05 of the G430T mu- 
tant is 6.6 (A). The double mutant H72A+G430T has a pH 0 5 of 4.9 (■), 
although the H72A simple mutant is not activated by pH down to pH 
3.0. Current amplitude was expressed as a fraction of the current 
induced by pH 3.0 (I/I max ). Each point represents the mean ± S.E. of 
5-8 oocytes. Holding potential for A and B, -70 mV. 

is coapplied with acidic pH. Zn 2+ alone could not activate the 
ASICla+2a current, in good agreement with the results ob- 
tained by Adams et al. (47) on ASIC2a current. The potentiat- 
ing effect of Zn 2+ on either homomeric or heteromeric ASIC2a- 
containing channels only appeared between pH 6.9 and pH 5, 
independent of the pH dependence of the current, suggesting 
the involvement of titrable residues that would less efficiently 
chelate Zn 2+ as pH decreases. 

Physiological Significance of ASIC Current Coactivation by 
Zn 2 *— The Zn 2+ concentrations that potentiate the ASIC2a- 
containing channels (EC 50 - 111 yM for ASIC la + 2a current 
and EC 50 = 120 for ASIC2a) are compatible with the phys- 
iological concentration of synaptically released Zn 2+ (100-300 
^m) (31-35). Our results suggest that ASICs might be a phys- 
iological target for Zn 2+ . Some ASICs that are expressed in the 
CNS (e.g. ASICla+2a, pH 05 = 5.5, Fig. 2A) require rather 
acidic pH for activation. The coactivation by Zn 2+ shifts the pH 
dependence of the ASICla+2a channel closer to physiological 
pH values and strongly augments the activity of the hetero- 
meric ASIC la + 2a and the homomeric ASIC2a channel at pH 
values just below neutral. The native ASIC-like current of rat 
primary cultured hippocampal neurons are indeed also coacti- 
vated by Zn 2+ (data not shown). 2 The potentiation by Zn 2+ of 
the hippocampal ASIC current could participate in the modu- 
lation of neuronal excitability by increasing the membrane 
depolarization induced by small pH changes. 

Extracellular Histidines of ASIC2a Are Involved in Zn 2+ 
Effect — The effect of zinc is immediate and does not necessitate 
any pre-application, suggesting a direct interaction with a zinc- 



2 A. Baron, R. Waldmann, and M. Lazdunski, manuscript in 
preparation. 
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Fig. 8. Alignments of rat acid-sensing ion channels in the re- 
gions surrounding the histidine residues important for Zn 2+ 
regulation and pH sensing. Asterisks indicate the position of His-72, 
His-162, and His-339 in ASIC2a. Identical and similar residues are 
printed white on black/dark gray and black on gray, respectively. The 
Clustal program was used to generate the alignments. Accession num- 
bers for rat ASICla, ASIC2a, and ASIC3 are U94403, U53211, and 
AF013598, respectively. 

binding site located in the extracellular domain of the channel. 
The side chain of histidine has been involved in the zinc- 
binding sites of numerous metalloproteins (40). Alanine sub- 
stitution of each of the 10 histidine residues present in the 
extracellular loop of ASIC2a demonstrates that His-162 and 
His-339 are involved in the Zn 2+ effect. Replacement of His-162 
or His-339 completely abolished the sensitivity of ASIC2a to 
300 julm Zn 2+ . The simplest interpretation of our results is that 
His-162 and His-339 are part of the Zn 2+ binding site on 
ASIC2a. However, it should be kept in mind that the mutagen- 
esis alone does not provide a definite demonstration of such 
direct participation. All ASICs containing the ASIC2a summit, 
i.e. homomeric ASIC2a and heteromeric ASIC la + 2a or 
ASIC2a+3, are sensitive to Zn 2+ . The data presented here 
using co-expression of mutated ASIC2a subunits with ASICla 
or ASIC3 definitely demonstrate that Zn 2+ sensitivity in het- 
eromeric channels is carried by the ASIC2a subunit. A compar- 
ison between sequences of ASICla, ASIC2a, and ASIC3 shows 
that, although His-162 is highly conserved in all these sub- 
units, His-339 is specific of ASIC2a (Fig. 8). Because ASIC2a is 
the main subunit responsible for the Zn 2_i " sensitivity of ASICs, 
it is then tempting to assign to His-339 a predominant role in 
this property. However, the selective replacement of His-162 by 
alanine can also completely abolish the Zn 2+ sensitivity of the 
homomeric ASIC2a channel, whereas it has moderate or no 
effect on heteromeric channels. This could reflect some differ- 
ence between the Zn 2_i ~ binding sites of homomeric and hetero- 
meric channels comprising the ASIC2a subunit. 

His-72 Is Involved in the pH Sensor of ASIC2a — Titrable 
histidine residues are major determinants of pH modulation in 
many ion channels (48, 49), whereas glutamate residues have 
also been shown to be important for acid sensing as for the 
capsaicin receptor VK1 (42). The His-72 residue adjacent to the 
first transmembrane domain of ASIC2a (Table I) drastically 
changes its pH sensitivity since the ASIC2a H72A channel has 
become insensitive to acidic pH. However, it is not the unique 
determinant of the pH sensitivity because the ASIC2a 
G430T+H72A double mutant remains activable by low pH 
(Fig. 7). Other positions have been shown previously to be 
involved in the pH dependence of ASIC2a like the Gly-430 
residue situated just before the second transmembrane seg- 
ment (6) and the region preceding the first transmembrane 
domain (50). The His-72 residue of ASIC2a is conserved in 
ASICla and ASIC3 (Fig. 8). These positions have been mutated 
in both ASICla and ASIC3, but in that case no modification of 
the pH dependence of the mutant channels was observed, with 
pH 0 .5 = 6.5 and 6.1 for the ASICla H73A and ASIC3 H73A 
peak currents, respectively, compared with pH 0 5 values of 6.4 
for ASICla and 6.3 for ASIC3 (data not shown). There is a 
precedent for such a situation with two-P domain K + channels 
(48, 51); His-98 has been shown to be important for the pH 
dependence of TASK-3 near physiological pH, but TWIK-1, 
which also contains a histidine residue at the equivalent posi- 
tion, does not display a pH dependence in the same pH range. 

In summary, the present study has revealed interesting 
structural features of acid-sensing ion channels, with special 
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emphasis on ASIC 2a, which is coactivated both by external 
Zn 2+ and extracellular acidification. Several histidines have 
been identified as candidate electron donors to the Zn 2+ coor- 
dination site, and another histidine residue is a candidate for 
the pH sensor. However, there are clearly other residues di- 
rectly or indirectly involved in pH sensing that will also need to 
be identified. 
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Acid sensing is associated with nociception, taste 
transduction, and perception of extracellular pH fluctu- 
ations in the brain. Acid sensing is carried out by the 
simplest class of ligand-gated channels, the family of 
H + -gated Na + channels. These channels have recently 
been cloned and belong to the acid-sensitive ion channel 
(ASIC) family. Toxins from animal venoms have been 
essential for studies of voltage-sensitive and ligand- 
gated ion channels. This paper describes a novel 40- 
amino acid toxin from tarantula venom, which potently 
blocks (IC 50 = 0.9 m) a particular subclass of ASIC chan- 
nels that are highly expressed in both central nervous 
system neurons and sensory neurons from dorsal root 
ganglia. This channel type has properties identical to 
those described for the homomultimeric assembly of 
ASIC la. Homomultimeric assemblies of other members 
of the ASIC family and heteromultimeric assemblies of 
ASIC la with other ASIC subunits are insensitive to the 
toxin. The new toxin is the first high affinity and highly 
selective pharmacological agent for this novel class of 
ionic channels. It will be important for future studies of 
their physiological and physio-pathological roles. 



Proton-gated Na + -permeable channels are the simplest form 
of ligand-gated channels. They are present in many neuronal 
cell types throughout the central nervous system (1-5), sug- 
gesting an important function of these channels in signal trans- 
duction associated with local pH variations during normal neu- 
ronal activity. These channels might also play an important 
role in pathological situations such as brain ischemia or epi- 
lepsy, which produce significant extracellular acidification. 
They are also present in nociceptive neurons (1-3, 5, 6) and are 
thought to be responsible for the sensation of pain that accom- 
panies tissue acidosis in muscle and cardiac ischemia (7, 8), 
corneal injury (9), and inflammation and local infection (10, 
11). It is only very recently that the first proton-gated channel, 
acid-sensitive ion channel (ASIC) 1 was cloned (12). The ASICs 
belong to a superfamily that includes amiloride-sensitive epi- 
thelial Na + channels (13, 14), the FMRFamide-gated Na + 
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channel (15), and the nematode degenerins (DEGs), which 
probably correspond to mechano-sensitive Na + -permeable 
channels (16). Several ASIC subunits have now been described: 
ASICla (12), ASIClb (17), ASIC2a (18-21), ASIC2b (22), and 
ASIC3 (23-25). The different subunits produce channels with 
different kinetics, external pH sensitivities, and tissue distri- 
bution. They can form functional homomultimers as well as 
heteromultimers (21, 22, 26). ASICla and ASIClb both medi- 
ate rapidly inactivating currents following rapid and modest 
acidification of the external pH. However, although ASICla is 
present in both brain and afferent sensory neurons, its splice 
variant ASIClb is found only in sensory neurons (17). ASIC2a 
forms an active H" 1 " -gated channel and is abundant in the brain 
but essentially absent in sensory neurons, whereas its splice 
variant ASIC2b is present in both brain and sensory neurons 
and is inactive as an homomultimer. ASIC2b can form func- 
tional heteromultimers with other ASIC subunits and particu- 
larly ASIC3 (21). ASIC3 is found exclusively in small sensory 
neurons that act as nociceptors. Its expression in various het- 
eromultimeric systems generates a biphasic current with a fast 
inactivating phase followed by a sustained component (22). The 
association of ASIC 2b with ASIC3 forms an heteromul timer 
with properties (time course and ionic selectivity) similar to 
those of a native sustained H + -sensitive channel, which is 
present in dorsal root ganglion cells and appears to play a 
particularly important role in pain sensation (6). 

Venoms from snakes, scorpions, sea anemones, marine 
snails, and spiders are rich sources of peptide toxins that have 
proven of great value in the functional exploration of voltage- 
sensitive and ligand-gated ion channels. This report describes 
the discovery and characterization from the venom of the South 
American tarantula Psalmopoeus cambridgei, of psalmotoxin 1 
(PcTXl), the first potent and specific blocker of this new class of 
ASIC channels. 

EXPERIMENTAL PROCEDURES 

Venom and Toxin Purification — P. cambridgei {Araneae Therapho- 
sidae) venom was obtained by electrical stimulation of anesthetized 
spiders (Invertebrate Biologies). Freeze-dried crude venom was resus- 
pended in distilled water, centrifuged (14,000 rpm, 4 °C, 20 min), fil- 
tered on 0.45-jitm microfilters (SJHVL04NS, 4-mm diameter; Millipore), 
and stored at -20 °C prior to analysis. Crude venom diluted to 10 times 
the initial volume was fractionated by C8 reversed-phase high pressure 
liquid chromatography (RP-HPLC) (10 X 250 mm, 5C8MS; Nacalai 
Tesque) using a linear gradient of acetonitrile/water in constant 0.1% 
trifluoroacetic acid. A second purification step used cation exchange 
chromatography on a Tosoh SP5PW column (4.6 x 70 mm) (Tosoh), 
with a linear gradient of ammonium acetate in water (20 mM to 2 m). A 
total of 160 fi\ of venom was purified in two separate batches (10 and 
150 ^1). All solvents used were of HPLC grade. Separation was con- 
ducted on a Hewlett-Packard HP1100 system coupled to a diode array 
detector and a microcomputer running the Chemstation® software. 
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Monitoring of the elution was done at 215 and 280 nm. 

Peptide Characterization — Samples were hydrolyzed in a Waters 
Pico-Tag station, with 6 N HC1 (0,6% phenol) at 110 °C, under vacuum 
for 20 h. Hydrolyzed peptides were derivatized with phenyiisothiocya- 
nate, and the derivatized amino acid mixtures were analyzed by C18 
RP-HPLC using a gradient of 60% acetonitrile in 50 mM phosphate 
buffer (100 mM NaC10 4 ). The peptide was reduced and alkylated by 
4-vinyl-pyridine, desalted by C8 RP-HPLC, and submitted to auto- 
mated N -terminal sequencing on an Applied Biosys terns model 477 A 
gas phase sequencer. 

Reduced- alkylated toxin was submitted to the following treatments: 
(a) tosylphenylalanyl chloromethyl ketone -treated Trypsin (Sigma), 2% 
w/w at 37 °C for 14 h in 100 mM ammonium bicarbonate, 0.1 mM CaCl 2 
pH 8.1; (6) V8 protease at 37 °C for 24 h in 50 mM ammonium bicar- 
bonate, pH 7.8, in 10% acetonitrile; and (c) BNP-skatole (2-(nitrophe- 
nylsulfenyl)-3-methyl-3-bromoindolenine) at 37 °C for 24 h in 75% ace- 
tic acid. Resulting peptides were separated by RP-HPLC using a linear 
gradient of acetonitrile/water in constant 0.1% trifluoro acetic acid. 

Mass spectra of native PcTXl dissolved in a-cyano-4-hydroxycin- 
namic acid matrix were recorded on a MALDI-TOF Perseptive Voyager 
Elite spectrometer (Perseptive Biosystems), in positive ion linear mode 
using an internal calibration method with a mixture of /3-insulin 
(3495.9 Da) and bovine insulin (5733.5 Da). Data were analyzed using 
the GRAMS386 software. Theoretical molecular masses and pi values 
were calculated from sequence data using the GPMAW protein analysis 
software. Synthetic PcTXl was analyzed on a Micromass Platform II 
electrospray system (Micromass, Altrincham, UK), in positive mode 
(cone voltage 20kV, temperature 60 °C). 

Sequence homologies were determined using sequences obtained 
from a search of nonredundant protein data bases via the BLAST 
server. Sequence alignments and percentages of similarity were calcu- 
lated with ClustalW. 

Peptide Synthesis and Refolding—The synthesis of native PcTXl was 
performed using the Fmoc/tert -butyl and maximal temporary protection 
strategy on an Applied Biosystems 43 3 A synthesizer. The chemical 
procedure used 0.05 nM of Fmoc-Thr(OtBu)-4-hydroxymethylphenoxy 
resin (0.39 mmol/g), a 20-fold excess of each amino acid, and dicyclo- 
hexylcarbodiimide/l-hydroxy-7-azabehzotriazole activation. Deprotec- 
tion (1.5 h) and cleavage (200 mg of peptide + resin) were achieved 
using 10 ml of a mixture trifluoroacetic acid/triisopropylsilane/water 
(9.5/0.25/0.25, v/v/v). The acidic mixture was then precipitated twice in 
100 ml of cold diethylether. The solid was dissolved in 50 ml of 10% 
aqueous acetic acid and freeze-dried. The crude reduced toxin was 
purified by RP-HPLC on a C 18 semi-preparative column (21 X 250 mm, 
Jupiter) using a 40-min gradient of acetonitrile/water in 0.1% trifluoro- 
acetic acid (0-18% B in 4 min, 30% B in 30 min, and 100% B in 6 min, 
where B is 90% acetonitrile/H 2 O/0.1%trifluoroacetic acid). 

Oxidation of the reduced toxin was achieved at 0.1 mg/10 ml in 
degassed potassium phosphate buffer (100 mM, pH 7.8) using the redox 
couple reduced glutathione (5 mM)/oxidized glutathione (0.5 mM). The 
disappearance of the reduced peptide was monitored by RP-HPLC on a 
C18 analytical column (10 X 15 mm, Vydac) using a 40-min gradient 
(0-18% B in 8 min, 30% B in 18 min, and 60% B in 14 min). 

Expression in Xenopus Oocytes— Cloning of cDNA and synthesis of 
complementary RNA were done as described previously (26). Xenopus 
laevis were purchased from Centre de Recherches en Biochimie Macro- 
rrioleculaire (Montpellier, France). Pieces of the ovary were surgically 
removed, and individual oocytes were dissected in a saline solution 
(ND96) containing 96 mM NaCl, 2 mM KC1, 1.8 mM CaCl 2 , 2 mM MgCl 2 , 
and 5 mM HEPES (pH 7.4 with NaOH). Stage V and VT oocytes were 
treated for 2 h with collagenase (1 mg/ml, type la; Sigma) in ND96 to 
remove follicular cells. cRNA (ASICla, ASIC2a, Kv2.1, and Kv2.2) or 
DNA (ASIClb, ratASIC3, Kv4.2, and Kv4.3) solutions were injected 
(5-10 ng/jitl for cRNA and 50-100 ng//x! for DNA, 50 nl/oocyte) using a 
pressure rnicroinjector. The oocytes were kept at 19 °C in the ND96 
saline solution supplemented with gent amy cin (5 /Ltg/ml). Oocytes were 
studied within 2-4 days following injection. In a 0.3 -ml perfusion cham- 
ber, a single oocyte was impaled with two standard glass microelec- 
trodes (1-2.5 Mil resistance) filled with 3 M KG and maintained under 
voltage clamp using a Dagan TEV 200 amplifier. Stimulation of the 
preparation, data acquisition, and analysis were performed using the 
pClamp software (Axon Instruments). All experiments were performed 
at room temperature (21-22 °C) in ND96. 0.1% bovine serum albumine 
was added in solutions containing PcTXl to prevent its adsorption to 
tubing and containers. For measurements of ASIC currents, changes in 
extracellular pH were induced by rapid perfusion, with or without 
PcTXl, near the oocyte. Test solutions with a pH of 4 or 5 were buffered 
with MES rather than HEPES. Voltage-dependent K + channels were 



activated by depolarization tests to +10 mV from a holding potential of 
-80 mV, and the toxin solutions were applied externally by gently 
puffing 100 fx\ near the oocyte. 

In the initial screening, l-/xl aliquots of crude venoms were tested at 
a 1:1000 dilution in ND96 solution. During the fractionation process 
aliquots (1:20) of chromatographic fractions were dried, redissolved in 
ND96, and applied to the oocyte by perfusion. 

Expression in COS Cells— COS cells, at a density of 20.000 cells/ 
35-mm diameter Petri dish, were trans fected with a mix of CD 8 and one 
of the following plasmids: pCI-ASICla, pCI-ASIClb, pCI-ASIC2a, and 
pCI-ASIC3 (1:5) using the DEAE-Dextran method. Cells were used for 
electrophysiological measurements 1-3 days after transfection. Suc- 
cessfully transfected cells were recognized by their ability to fix CD8 
antibody-coated beads (Dynal, Norway), 

DRG Neurons Cultures and Cerebellar Granule Cell Cultures — DRG 
of 2-3-day-old Wistar rats were mechanically dissociated and main- 
tained in culture in Eagle's medium supplemented with 100 ng/ml 
nerve growth factor. Cells were used for electrophysiological recordings 
2 or 3 days after plating. 

Cerebella of 4-8-day-old mice were dissected, mechanically dissoci- 
ated, and cultured as described previously (27). Cells were used for 
electrophysiological recordings 10-14 days after plating. 

Electrophysiology on COS Cells and Neurons — Ion currents were 
recorded using either the whole cell or outside-out patch clamp tech- 
nique, and results were stored on hard disc. Data analysis was carried 
out using the Serf freeware. Statistical significance of differences be- 
tween sets of data was estimated by the single-sided Student test. The 
pipette solution contained 140 mM KC1, 2 mM MgCl 2 , 5 mM EGTA, and 
10 mM HEPES (pH 7.2). The bath solution contained 140 mM NaCl, 5 
mM KC1, 2 mM MgCl 2 , 2 mM CaCl 2 , and 10 mM HEPES (pH 7.3). 
Changes in extracellular pH were induced by shifting one of six outlets 
of a microperfusion system in front of the cell or patch. Experiments 
were carried out at room temperature (20-24 °C). 

RESULTS 

Purification — The screening of several tarantula venoms 
was carried out against cloned ASIC channels expressed in 
Xenopus oocytes. It singled out P. cambridgei venom as con- 
taining a potent inhibitor of the ASICla proton-gated current. 
A diluted solution of 1 p\ of crude venom (1:1000) applied to the 
oocyte provoked a 90% block of the ASICla current. Bioassay- 
guided fractionation of the venom by reversed-phase and cation 
exchange chromatography led to the purification of the minor 
venom constituent Psalmotoxin 1 (PcTXl), in a two-step proc- 
ess (Fig. 1, A and B). PcTXl is a 40-amino acid peptide, pos- 
sessing 6 cysteines linked by three disulfide bridges. Its full 
sequence was established by N-terminal Edman degradation of 
the reduced alkylated toxin and of several cleavage fragments 
(Fig, ID). The calculated molecular mass (4689.40 Da average) 
was in accordance with the measured molecular mass (4689.25 
Da) and suggested a free carboxylic acid at the C-terminal 
extremity. 

PcTXl has limited overall homology to other spider venom 
toxins identified to date (Fig. IE). However, it shares a con- 
served cysteine distribution (Fig. IF) found both in spider 
venom and cone snails polypeptide toxins (28, 29). It is a basic 
polypeptide (pi 10.38 for the native form with disulfide bridges 
bonded) comprising a large number of basic residues (9 resi- 
dues, including 4 arginines) but also of acidic residues (6 
residues). 

Synthesis — The chemical synthesis of PcTXl-OH unambigu- 
ously confirmed the structure of PcTXl. The purified refolded 
synthetic toxin (PcTXl s) and the native form have identical 
measured molecular mass, and when co-injected in two sepa- 
rate experiments using reversed-phase and cation exchange 
HPLC, native and synthetic PcTXl were indistinguishable in 
their migration and co-eluted in both systems (Fig. 1C). Most 
electrophysiological experiments were therefore conducted 
with the synthetic toxin. 

Selective Block of ASICla— The effect of PcTXl on the activ- 
ity of ASICla, ASIClb, ASIC2a, and ASIC3 channels expressed 
in X. laevis oocytes is shown in Fig. 2. The natural as well as 
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Fig. 1. Purification and characterization of PcTXl. A, RP-HPLC separation of crude P. cambridgei venom (10 /U) with a linear gradient of 
water/ace tonitrile in 0.1% aqueous trifluoroacetic acid. The arrow indicates fraction 10, which containing PcTXl. J5, cation exchange chromatog- 
raphy of fraction 10 with a linear gradient of ammonium acetate (20 mM to 2 M in 88 min). C, co-elution experiments with the native toxin (PcTXln, 
solid trace) injected alone (100 pmol) and co-injected with the synthetic toxin (PcTXln + PcTXl s, dotted trace, 100 pmol each) by cation exchange 
HPLC. D, PcTXl sequence determination by automated Edman degradation of reduced-alkylated peptide and proteolytic cleavage fragments. E t 
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Fig. 2. PcTXl selectively blocks le- 
gated channels expressed in oocytes. 
A, complete inhibition of the ASICla cur- 
rent by 10 nM PcTXl. Oocytes were 
clamped at -60 mV, and currents were 
activated by a pH drop from pH 7.4 to pH 
6 (short bars) every 30 s. The reversibility 
of the blockade was observed during ex- 
tensive washout. B, dose-response curve 
for synthetic PcTXl block of the ASICla 
current activated by a pH drop from pH 
7.4 to pH 6. Points represent the means ± 
S.E. (4-7 experiments). IC 50 = 0.9 nM, n H 
(Hill coefficient) = 1.2. C, the ASIClb cur- 
rent was activated by a pH drop from pH 
7.4 to pH 6 every 30 s. The black bar 
indicates a 2-min perfusion of PcTXl (10 
nM, n — 5). The incomplete reversibility is 
due to a rundown of the Na + current, 
which is observed under repetitive stimu- 
lations by consecutive pH drops at 30-s 
intervals. D, ASIC2a current activated by 
a drop to pH 5 every 45 s. The black bar 
indicates a 2 min perfusion of PcTXl (10 
nM, n = 9). E, the rapid and slow compo- 
nents of the ASIC3 current are activated 
at pH 4 every min. The black bar indi- 
cates a 2-min perfusion of PcTXl (10 nM, 
n = 3). 
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the synthetic toxin block the ASICla current recorded at pH 6, 
with an IC 50 of 0.9 nM (Fig. 2, A and B). The blockade is rapid 
and reversible. PcTXl at 10 nM also completely blocks the 
ASICla current activated by a pH drop to pH 5 or pH 4 (not 
shown). PcTXl is highly selective. Neither the native nor the 
synthetic PcTXl (10 nM or 100 nM) blocked ASIClb currents 
activated at pH 6 (Fig. 2C). Similarly, the ASIC2a channel 
activated by a pH drop to pH 5 was insensitive to the action of 
PcTXl at 10 nM (Fig. 2D) or 100 nM (not shown). The rapid and 
slow components of the ASIC3 channel were also insensitive to 
the perfusion of PcTXl at 10 nM (Fig. 2E) and 100 nM (not 
shown). The toxin was also tested on the epithelial Na + chan- 
nel formed by the assembly of a, ]3, and 7 subunits (30), and no 
inhibition occurred with concentrations of 10 nM or 100 nM 
PcTxl (n = 3, not shown). 

Sequence homologies of PcTXl with other spider toxins that 
block different subtypes of voltage-dependent K + channels 
such as hanatoxins (Kv2.1) (31), heteropodatoxins (Kv4.2) (32), 
and phrixotoxins (Kv4.2, Kv4.3) (33) (Fig. IB) prompted us to 
test its effects against Kv2.1, Kv2.2, Kv4.2, and Kv4.3 channels 
expressed itiXenopus oocytes. These channels were not affected 
by 10 or 100 nM PcTXl (not shown). 

Experiments carried out with the same ASIC channels ex- 
pressed in COS cells confirmed the results obtained in oocytes. 
ASICla was completely inhibited by 10 nM PcTXl, whereas 
ASIClb, ASIC2a, and ASIC3 were insensitive (n = 10 for each 
channel) to a higher toxin concentration of 50 nM (not shown). 

PcTXl was then assayed on heteromultimers of the ASICla 
subunit (Fig. 3). Co-expression of ASICla and ASIC3 in COS 
cells produces a rapidly inactivating H + -gated current (t = 
0.19 ± 0.01 s at pH 6, n = 5) that is insensitive to PcTXl (n = 



10) (Fig. 3C), whereas ASICla homomultimers produce a cur- 
rent that inactivates more slowly at the same pH (t = 2.10 ± 
0.30 s,n = 10) but that is completely blocked by PcTXl (10 nM) 
(Fig. 3A). ASICla/ASIC2a heteromultimers were also insensi- 
tive to PcTXl (Fig. 3B). 

The ASICla channel can also be blocked by amiloride, but 
the IC 50 is 10 (12), i.e. 10 4 times lower in affinity than 
PcTXl. Moreover amiloride is not selective. It blocks the tran- 
sient current generated by ASICla (12), ASIClb (17), ASIC2a 
(18, 19), and ASIC3 (23). 

Activity of PcTXl on Native Proton-gated Currents — Small 
DRG neurons isolated from 2-day-old rats were voltage 
clamped at -60 mV and stimulated by a pH drop from pH 7.3 
to pH 6. As previously observed in small sensory neurons from 
trigeminal ganglia (1), this pH change evoked three different 
types of responses that are presented in Fig. 4 (A-C). Currents 
presented in Fig. 4A were blocked by 3-10 nM of the toxin 
PcTXl, whereas H + -evoked currents in other neurons were 
insensitive to the toxin (Fig. 4, B-C). DRG neurons express at 
least two subpopulations of transient currents as judged by 
their constants of inactivation (Fig. 4, A, B, and D). One pop- 
ulation inactivates very rapidly with a time constant of inacti- 
vation below 0.5 s, whereas the other one has time constants 
between 1 and 3 s, the average time constant of inactivation 
being 1.95 ± 0.14 s (n = 23). The data clearly indicate that the 
most rapidly inactivating currents with an average time con- 
stant of inactivation of 0.24 ± 0.03 s (n ~ 22) are insensitive to 
PcTXl. Only the more slowly inactivating H + -gated channels 
are highly sensitive to PcTXl. 

The dose-response curve presented in Fig. 4E was obtained 
from the PcTXl-sensitive population of neurons. The IC 50 



multiple sequence alignment of PcTXl and short spider peptides of similar structure and known mode of action. % Sim, percentage of similarity, 
identical + homologous residues. Black boxes indicate conserved residues, and gray boxes indicate functionally homologous residues. X indicates 
undetermined residues, and bold type indicates residues confirmed by cleavage peptide sequencing. F, conserved cysteine positions and disulfide 
bridges arrangement by homology to known toxins. Sequences are from Ref. 32 (HpTX2), Ref. 37 (SNX482), Ref. 33 (PaTXl), Ref. 31 (HaTXl), and 
Ref. 38 (GsTXSIA), VSCC, voltage-sensitive calcium channels; Kv, voltage-dependent potassium channels. All peptides except HpTX2 are from 
tarantula venoms. 
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Fig. 3. Effect of PxTXl on ASIC homomul timers and hetero- 
mul timers. PcTXl blocks ASICIa homomul timers and is inactive on 
ASICla/ASIC2a and ASICla/ASIC3 heteromultimers. COS cells trans- 
fected with ASICIa, ASICIa + ASIC2a, or ASICIa + ASIC3 were 
voltage clamped at -60 mV and subjected to a pH drop as indicated 
(n - 10). Although ASICIa homomul timers were inhibited by 10 nM 
PcTXl (A), none of the heteromultimers were sensitive to the toxin (B 
and C). Note that the sustained component produced by ASIC3 homo- 
multimers (Fig. 2E) is absent in the ASICIa + ASIC3 heteromultimer 
(C). 



value for half-maximum inhibition is 0.7 nM, very similar to the 
value of 0.9 nM obtained for ASICIa channels expressed in 
Xenopus oocytes. 

Fig. 4F shows that a change of the extracellular pH from pH 
7.3 to pH 6 in neurons that express the channel type shown in 
Fig. 4A evokes a rapid depolarization resulting in a train of 
action potentials. This effect is blocked by very low concentra- 
tions of PcTXl, and this inhibition is reversible, 

ASIC channel subunits are highly expressed in cerebellum 
and particularly in granular cells (12, 34). This is why we have 
used these cells to analyze the properties of these channels in 
central nervous system neurons (Fig. 5). Cerebellar granule 
cells in culture all responded to a pH drop from pH 7.3 to pH 6 
with a transient Na* inward current characterized by a time 
constant of inactivation of 2.06 ± 0.17 s (n = 10) (Fig. 5A). Both 
the rate of inactivation and the pH dependence of this H 4 *- 
gated Na + channel (pH 0 5 6.6 versus pH 0 5 6.4) are very similar 
to those of the ASICIa channel (Ref 12 and this work) (Fig. 
5B). H + -gated Na + channels with the same properties have 
been recently identified in cortical neurons (35). The transient 
H + -gated Na + channel expressed by granule cells was com- 
pletely inhibited by 10 nM PcTXl (n = 10) (Fig. 5A). 

DISCUSSION 

PcTXl is a novel toxin from tarantula venom that is a potent 
and specific blocker of one class of H + -gated Na + channels. The 
molecular scaffold of PcTXl is likely to be similar to that 
previously described for both cone snail and spider toxins (28, 
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Fig. 4. Effect of PxTXl on DRG neurones. PcTXl inhibits a sub- 
population of H + -gated currents in dorsal root ganglion neurons. H + - 
gated currents were recorded from DRG neurons in the whole cell 
voltage clamp configuration. Neurons were clamped at -60 mV, and 
currents were evoked by rapid jumps in pH from pH 7.3 to pH 6 (short 
bars above the traces in A-C). In 23 of 48 H + -responsive neurons PcTXl 
inhibited the H + -gated current (A), whereas very rapidly inactivating or 
very slowly inactivating currents recorded in 25 other H + -responsive 
neurons were resistant to 50 nM of the toxin (B and C). Current inac- 
tivation in each cell expressing either H + -gated currents as in A or B 
was fitted with a single exponential, and the profile showing the dis- 
tribution of time constants in the different cells is shown in D. The time 
constants of the currents that could be inhibited by PcTXl are shown in 
the same graph as filled circles. E t dose inhibition curve obtained from 
cells expressing the PcTXl -sensitive channels (as in A), ICgo = 0.7 nM. 
F, DRG neurons (in current clamp) respond to a drop in extracellular 
pH from pH 7.3 to pH 6, with a burst of spike activity, which is 
suppressed by PcTXl. 
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Fig. 5. PcTXl inhibits the H + -gated current in cerebellar gran- 
ule cells. Mouse cerebellar granule cells were voltage clamped at -60 
mV and subjected to a drop in pH from pH 7.3 to pH 6. Almost all of the 
current is inhibited by 10 nM PcTXl (A). The pH dependence of the 
proton-gated current in cerebellar cells is shown in B. 



36). It comprises a triple-stranded antiparallel /3-sheet struc- 
ture reticulated by three disulfide bridges and tightly folded 
into the "knottin" fold pattern (29). PcTXl is characterized by 
the unusual quadruplet Lys 25 -Arg 26 -Arg 27 -Arg 28 , which prob- 
ably forms a strongly positive "patch" at the surface of the toxin 
molecule, constituting an area that is a strong candidate for 
receptor recognition. 

It is particularly intriguing to observe (a) that PcTXl is 
absolutely specific for ASICIa and can distinguish between the 
two ASIC1 splice variants ASICIa and ASIClb, although they 
only differ in their N-terminal sequence (17); (&) that PcTXl 
can also distinguish between ASICIa, ASIC2 and ASIC3; and 
(c) that PcTXl looses its capacity to block ASICIa as soon as 
this subunit is associated with another member of the family, 
be it ASIC2a or ASIC3. 

An important site of the interaction of ASICIa with PcTXl is 
probably located in the extracellular stretch of 113 amino acids 
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situated immediately after the first transmembrane domain. 
This is the only extracellular site where the splice variants 
ASICla and ASIC lb are different. They are identical in extra- 
cellular regions except for the 113-residue region immediately 
C-terminal to the first transmembrane domain. 

ASICla is present in the central nervous system (notably in 
the hippocampus and the cerebellar granular layer) as well as 
in DRG neurons (12). Electrophysiological experiments have 
shown that both cerebellar granule cells and a subpopulation of 
DRG neurons possess H + -gated currents that inactivate at pH 
6 with time constants of 1.95-2.06 s, very similar if not iden- 
tical to the time constant of inactivation (2.10 ± 0.30 s) of the 
homomultimeric ASICla current expressed in COS cells. The 
H + -gated currents in these neurons are inhibited by very low 
concentrations of PcTXl. The resemblance in the inactivation 
kinetics and pH dependence, in the selective block of the cur- 
rent by PcTXl and the near identity of the IC 50 values for the 
blockade of ASICla channels (IC 50 = 0.9 nM) and of native 
channels (IC 50 = 0.7 nM) strongly suggest that the H + -gated 
current with a T inact of -2 s in both DRG cells and cerebellar 
granular cells is mediated by an homomultimeric assembly of 
ASICla. This view is strengthened by the fact that none of the 
heteromultimeric channels tested (ASICla/ASIC2a and 
ASICla/ASIC3) is sensitive to the toxin. 

DRG neurons also express H + -gated currents with time con- 
stants of inactivation that are either faster or slower than the 
time constant of inactivation of the homomultimeric ASICla 
current. A class of these proton-sensitive channels inactivates 
at a fast rate (t^^ = 0.24 ± 0.03 s), which turns out, as shown 
in this work, to be very similar to the rate of inactivation of the 
ASICla/ASIC3 channel expressed in COS cells (r inaxA = 0.19 ± 
0.01 s). This rapidly inactivating current, like the current gen- 
erated by ASICla/ASIC3 heteromultimers, is insensitive to 
PcTXl. 

The ASIC3 channel alone or in association with ASIC2b (22) 
probably corresponds to the sustained current recorded in DRG 
cells (6). ASIC3 homomultimers, ASIC3/ASIC2b heteromultim- 
ers, and the native noninactivating H + -gated channels are not 
blocked by PcTXl. It is hoped that further studies will provide 
other toxins specifically active on these maintained channels 
that are thought to play an important role in pain (6). 

Spider venoms are mixtures of neuroactive peptides capable 
of incapacitating the prey through a myriad of molecular mech- 
anisms. PcTXl is a potent tool that now opens the way to a 
more detailed analysis of the physiological function of the im- 
portant class of H + -gated Na + channels. 
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Breakpoint position on 17q identifies the most aggressive 
neuroblastoma tumors. 

Lastowska M, Cotterill S, Bown N, Cullinane C, Variend S, Lunec J, 
Strachan T, Pearson AD, Jackson MS. 

Institute of Human Genetics, International Centre for Life, University of 
Newcastle upon Tyne, Central Parkway, Newcastle upon Tyne NE1 3BZ, UK. 
m.a.lastowska@ncl.ac.uk 

Gain of chromosome arm 17q is a powerful prognostic factor in neuroblastoma 
and the distribution of 17q breakpoints suggests that the dosage of one or more 
genes in 17q22-23 to 17qter is critical for tumor progression. To identify the 
smallest region of 17q gain, we used eight probes to map translocation 
breakpoints in 48 primary neuroblastoma tumors. We identified at least five 
different breakpoints, all localized within the proximal part of 17q (from D17Z 
to MPO). The shortest region of gain identified by these probes extends from 
MPO (17q23.1) to 17qter. Surprisingly, we found that breakpoints localized 
proximal to ERBB2 (17ql2) were associated with significantly better patient 
survival than breakpoints localized distal to ERBB2. Breakpoints localized 
distal to ERBB2 identified patients with a particularly poor prognosis, higher 
mitotic karyorrhectic index, and stage 4 disease. This implies that breakpoint 
position on 17q is a discriminative factor within this prognostically poor group 
of patients. This result also suggests that the biological effect of 17q gain durin 
neuroblastoma progression has a complex basis. We propose that this involves 
dosage alterations of genes localized on both sides of the 17q breakpoints, with 
a gene or genes mapping between 17cen and 17ql2 acting to suppress 
progression, and a gene or genes mapping between 17q23.1 and 17qter acting t 
promote tumor progression. Copyright 2002 Wiley-Liss, Inc. 

PMID: 121 12532 [PubMed - indexed for MEDLINE] 
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Summary 

Ca 2+ toxicity remains the central focus of ischemic 
brain injury. The mechanism by which toxic Ca 2+ load- 
ing of cells occurs in the ischemic brain has become 
less clear as multiple human trials of glutamate antag- 
onists have failed to show effective neuroprotection 
in stroke. Acidosis is a common feature of ischemia 
and is assumed to play a critical role in brain injury; 
however, the mechanism(s) remain ill defined. Here, 
we show that acidosis activates Ca 2+ -permeable acid- 
sensing ion channels (ASICs), inducing glutamate re- 
ceptor-independent, Ca 2 + -dependent, neuronal injury 
inhibited by ASIC blockers. Cells lacking endogenous 
ASICs are resistant to acid injury, while transfection 
of Ca 2+ -permeable ASICIa establishes sensitivity. In 
focal ischemia, intracerebroventricular injection of 
ASICIa blockers or knockout of the ASICIa gene pro- 
tects the brain from ischemic injury and does so more 
potently than glutamate antagonism. Thus, acidosis 
injures the brain via membrane receptor- based mech- 
anisms with resultant toxicity of [Ca 2+ ] i( disclosing new 
potential therapeutic targets for stroke. 

Introduction 

Intracellular Ca 2+ overload is essential for neuronal injury 
associated with neuropathologies syndromes, includ- 
ing brain ischemia {Choi, 1995, 1988a). Excessive Ca 2+ 
in the cell activates a cascade of cytotoxic events lead- 
ing to activation of enzymes that break down proteins, 
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lipids, and nucleic acids. NMDA receptors, the most 
important excitatory neurotransmitter receptors in the 
central nervous system (McLennan, 1 983; Dingledine et 
al., 1999), have long been considered the main target 
responsible for Ca 2+ overload in the ischemic brain (Si- 
mon et al., 1 984; Rothman and Olney, 1 986; Choi, 1 988b; 
Meld rum, 1 995). However, recent clinical efforts to pre- 
vent brain injury through the therapeutic use of NMDA 
receptor antagonists have been disappointing (Lee et 
al., 1 999; Wahlgren and Ahmed, 2004). Although multiple 
factors, including difficulty in early initiation of treatment, 
may have contributed to trial failures, it is likely that 
glutamate receptor-independent Ca 2+ toxicity might 
also be responsible for ischemic brain injury. 

The normal brain requires complete oxidation of glu- 
cose to fulfill its energy requirements. During ischemia, 
oxygen depletion forces the brain to switch to anaerobic 
glycolysis. Accumulation of lactic acid as a byproduct 
of glycolysis and protons produced by ATP hydrolysis 
causes pH to fall in the ischemic brain (Rehncrona, 1 985; 
Siesjo et al., 1996). Consequently, tissue pH typically 
falls to 6.5-6.0 during ischemia under normoglycemic 
conditions and can fall below 6.0 during severe ischemia 
or under hyperglycemic conditions (Nedergaard et al., 
1991; Rehncrona, 1985; Siesjo et al., 1996). Nearly all 
in vivo studies indicate that acidosis aggravates isch- 
emic brain injury (Tombaugh and Sapolsky, 1993; Siesjo 
et al., 1996). However, the mechanisms of this process 
remain unclear, although a host of possibilities has been 
suggested (Siesjo et al., 1996; McDonald et al., 1998; 
Swanson et al., 1995; Ying et al., 1999). 

Acid-sensing ion channels (ASICs), a newly described 
class of ligand-gated channels (Waldmann et al., 1997a; 
Krishtal, 2003), have been shown to be expressed 
throughout neurons of mammalian central and periph- 
eral nervous systems (Waldmann et al., 1997a, 1999; 
Waldmann and Lazdunski, 1998; Krishtal, 2003; Alvarez 
de la Rosa et al., 2002, 2003). They are members of the 
degenerin/epithelial sodium channel (Deg/ENaC) super- 
family (Benos and Stanton, 1999; Bianchi and Driscoll, 
2002; Krishtal, 2003). Pertinent to ischemia, ASICs may 
also flux Ca 2+ (Waldmann et al., 1997a; Chu et al., 2002; 
Yermolaieva et al., 2004). 

To date, six ASIC subunits have been cloned. Four 
of these subunits can form functional homomultimeric 
channels that are activated by acidic pH to conduct 
a sodium-selective, amiloride-sensitive, cation current. 
The pH of half-maximal activation (pH^s) of these chan- 
nels differs: ASICIa (or ASIC1), pH 05 = 6.2 (Waldmann 
et al., 1 997a); ASIC1 p, a splice variant of ASIC1 a with a 
unique N-terminal, pH 0 ^ = 5.9 (Chen et al., 1998); 
ASIC2a, pHo* = 4.4 (Waldmann et al., 1999); and ASIC3, 
pHo.5 - 6.5 (Waldmann et al., 1997b). Neither ASIC2b 
nor ASIC4 can form functional homomeric channel 
(Akopian et al., 2000; Grunder et al., 2000; Lingueglia et 
al., 1 997), but ASIC2b has been shown to associate with 
other subunits and modulate their activity (Lingueglia et 
al., 1997). In addition to Na + permeability, homomeric 
ASICIa can flux Ca 2+ (Waldmann et al., 1997a; Chu et 
al., 2002; Yermolaieva et al., 2004). Although the exact 
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Figure 1 . Electrophysiotogy and Pharmacol- 
ogy of ASICs in Cultured Mouse Cortical 
Neurons 

(A and B) pH dependence of ASIC currents 
activated by pH drop from 7,4 to values indi- 
cated. Dose-response curves were fit to Hill 
equation with an average pH^ of 6.18 ± 0.06 
(n = 10). 

(C and D) Current-voltage relationship of 
ASICs (n = 5). The amplitudes of ASIC current 
at various voltages were normalized to that 
recorded at -60 mV. 

(E and F) Dose-dependent blockade of ASIC 
currents by amiloride. IC M = 1 6.4 ± 4.1 m-M, 
n - 8. 

(G and H) Blockade of ASIC currents by PcTX 
venom. **p < 0.01 . 
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subunit composition of ASICs in native neurons has not 
been determined, both ASICIa and ASIC 2a subunits 
have been shown to be abundant in the brain (Price et 
al., 1996; Bassilana et al. t 1997; Wemmie et al., 2002; 
Alvarez de la Rosa et al., 2003). 

Detailed functions of ASICs in both peripheral and 
central nervous systems remain to be determined. In 
peripheral sensory neurons, ASICs have been impli- 
cated in mechanosensation (Price et al., 2000, 2001) and 
perception of pain during tissue acidosis (Bevan and 
Yeats, 1991; Krishtal and Pidoplichko, 1981; Ugawa et 
at., 2002; Sluka et al., 2003; Chen et al., 2002), particularly 
in ischemic myocardium where ASICs likely transduce 
anginal pain (Benson et al., 1 999). The presence of ASICs 
in the brain, which lacks nociceptors, suggests that 
these channels have functions beyond nociception. In- 
deed, recent studies have indicated that ASICIa is in- 
volved in synaptic plasticity, learning/memory, and fear 
conditioning (Wemmie et al., 2002, 2003). Here, using a 
combination of patch-clamp recording, Ca 2+ imaging, 
receptor subunit transfection, in vitro cell toxicity assays, 



and in vivo ischemia models combined with gene knock- 
out, we demonstrate activation of Ca 2+ -permeable 
ASICIa as largely responsible for glutamate-indepen- 
dent, acidosis-mediated, arid ischemic brain injury. 



Results 

Acidosis Activates ASICs in Mouse 
Cortical Neurons 

We first recorded ASIC currents in cultured mouse corti- 
cal neurons, a preparation commonly used forced toxic- 
ity studies (Koh and Choi, 1987; Sattler et al., 1999). At 
a holding potential of -60 mV, a rapid reduction of 
extracellular pH (pHJ to below 7.0 evoked large transient 
inward currents with a small steady-state component in 
the majority of neurons (Figure 1A). The amplitude of 
inward current increased in a sigmoidal fashion as pH e 
decreased, yielding a pH 05 of 6.1 8 ± 0.06 (n = 1 0, Figure 
1 B). A linear l-V relationship and a reversal close to the 
Na + equilibrium potential were obtained (n = 6, Figures 
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Figure 2. Modeled Ischemia Enhances Activity of ASICs 

(A) Representative traces showing increase in amplitude and decrease in desensrtization of ASIC currents following 1 hr OGD. 

(B) Summary data of increase of ASIC current amplitude in OGD neurons, n = 40 and 44, *p < 0.05. 

(C) Representative traces and summary data showing decreased ASIC current desensrtization in OGD neurons, n = 6, "p < 0.01. 

(D) Representative traces showing lack of acid-activated current at pH 6.0 in AS1C1 neurons, in control condition, and following 1 hr OGD 
(n = 12 and 13). 



1C and 1D). These data demonstrate that lowering pH e 
activates typical ASICs in mouse cortical neurons. 

We then tested the effect of amiloride, a nonspecific 
blocker of ASICs (Waldmann et al., 1997a), on the acid- 
activated currents. Similar to previous studies, mainly 
in sensory neurons (Waldmann et al., 1997a; Benson et 
al., 1999; Chen et al., 1998; Vanning, 1999), amiloride 
dose-dependently blocked ASIC currents in cortical 
neurons with an ICso of 1 6.4 ± 4.1 jxM (n = 8, Figures 
1 E and 1 F). Psalmotoxin 1 (or PcTX1 ) from venom of 
the tarantula Psalmopoeus cambridgei (PcTX venom) 
has been shown to be a specific ASIC1 a blocker (Escou- 
bas et al., 2000). Our studies show that, at a protein 
concentration of 25 ng/ml, Pc7X venom itself also blocks 
the current mediated by homomeric ASIC1 a expressed 
in COS-7 cells by ~70% (n = 4, see Supplemental Figure 
S1 at httpy/www.ceIl.com/cgi/content/full/1 18/6/687/ 
DC1 ). However, it does not affect currents mediated by 
heteromeric ASIC1 a/2a, homomeric ASIC2a, or ASIC3 
channels at 500 ng/ml (n = 4-6). In addition, at 500 
ng/ml, PcTX venom does not affect the currents through 
known voltage- and ligand-gated channels, further indi- 
cating its specificity for homomeric ASIC1 a (n = 4-5, 
Supplemental Figure S2, and Supplemental Data). 

We then tested the effect of Pc7X venom on acid- 
activated current in cortical neurons. At 1 00 ng/ml, Pc7X 
venom reversibly blocked the peak amplitude of ASIC 
current by 47% ± 7% (n = 15, Figures 1G and 1H), 
indicating significant contributions of homomeric ASICIa 
to total acid-activated currents. Increasing Pc7X con- 
centration did not induce further reduction in the ampli- 
tude of ASIC current in the majority of cortical neurons 
(n = 8, data not shown), indicating coexistence oiPcTX- 



insensitive ASICs (e.g., heteromeric ASIC1a/2a) in 
these neurons. 

ASIC Response Is Potentiated 
by Modeled Ischemia 

Since acidosis is a central feature of brain ischemia, we 
determined whether ASICs are activated in ischemic 
conditions and whether ischemia modifies the proper- 
ties of these channels. We recorded ASIC currents in 
neurons following 1 hr oxygen glucose deprivation 
(OGD), a common model of in vitro ischemia (Goldberg 
and Choi, 1993). One set of cultures was washed three 
times with glucose-free extracellular fluid (ECF) and sub- 
jected to OGD, while control cultures were subjected to 
washes with glucose containing ECF and incubation in 
a conventional cell culture incubator. OGD was termi- 
nated after 1 hr by replacing glucose-free ECF with Neu- 
robasal medium and incubating cultures in the conven- 
tional incubator. ASIC current was then recorded 1 hr 
following the OGD when there was no morphological 
alteration of neurons. OGD treatment induced a moder- 
ate increase of the amplitude of ASIC currents (1 520 ± 
138 pA in control group, n = 44; 1886 ± 185 pA in 
neurons following 1 hr OGD, n = 40, p < 0.05, Figures 
2A and 2B). More importantly, OGD induced a dramatic 
decrease in ASIC desensitization as demonstrated by 
an increase in time constant of the current decay 
(814.7 ± 58.9 ms in control neurons, n = 6; 1928.9 ± 
31 5.7 ms in neurons following OGD, n = 6, p < 0.01 , 
Figures 2A and 2C). In cortical neurons cultured from 
ASIC1 ~'~ mice, reduction of pH from 7.4 to 6.0 did not 
activate any inward current (n = 52), similar to a previous 
study in hippocampal neurons (Wemmie et al., 2002). In 
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these neurons, 1 hr OGD did not activate or potentiate 
acid-induced responses (Figure 2D, n = 12 and 13). 

Acidosis Induces Glutamate-lndependent Ca 2+ 
Entry via ASICIa 

Using a standard ion -substitution protocol (Jia et at., 
1 996) and the fura-2 fluorescent Ca 2+ -imaging technique 
(Chu et al. f 2002), we determined whether ASICs in corti- 
cal neurons are Ca 2+ permeable. With bath solutions 
containing 10 mM Ca 2+ (Na + and KMree) as the only 
charge carrier and at a holding potential of -60 mV, we 
recorded inward currents larger than 50 pA in 15 out of 
1 8 neurons, indicating significant Ca 2+ permeability of 
ASICs in the majority of cortical neurons (Figure 3A). 
Consistent with activation of homomeric ASICIa chan- 
nels, currents carried by 10 mM Ca 2+ were largely 
blocked by both the nonspecific ASIC blocker amiloride 
and the ASICla-specific blocker PcTX venom (Figure 
3B). The peak amplitude of Ca 2+ -mediated current was 
decreased to 26% ± 2% of control by 1 00 txM amiloride 
(n = 6, p < 0.01) and to 22% ± 0.9% by 100 ng/ml PcTX 
venom (n = 5, p < 0.01). Ca 2+ imaging, in the presence 
of blockers of other major Ca 2+ entry pathways (MK801 
10 jxM and CNQX 20 |xM for glutamate receptors; nimod- 
ipine 5 ijlM and o-cohotoxin MVIIC 1 |xM for voltage- 
gated Ca 2+ channels), demonstrated that 18 out of 20 
neurons responded to a pH drop with detectable in- 
creases in the concentration of intracellular Ca 2+ ([Ca 2+ ]j) 
(Figure 3C). In general, [Ca 2+ ]j remains elevated during 
prolonged perfusion of low pH solutions. In some cells, 
the [Ca 2+ ]j increase lasted even longer than the duration 
of acid perfusion (Figure 3C). Long-lasting Ca 2+ re- 
sponses suggest that ASIC response in intact neurons 
is less desensitized than in whole-cell recordings or that 
Ca 2+ entry through ASICs induces subsequent Ca 2+ re- 
lease from intracellular stores. Preincubation of neurons 
with 1 |xM thapsigargin partially inhibited the sustained 
component of Ca 2+ increase, suggesting that Ca 2+ re- 
lease from intracellular stores may also contribute to 
acid-induced intracellular Ca 2+ accumulation (n = 6, 
data not shown). Similar to the current carried by Ca 2+ 
ions (Figure 3B), both peak and sustained increases 
in [Ca 2+ ]j were largely inhibited by amiloride and PcTX 
venom (Figures 3C and 3D, n = 6-8), consistent with 
involvement of homomeric ASICIa in acid-induced 
[Ca 2+ ]i increase. Knockout of the ASIC1 gene eliminated 
the acid-induced [Ca 2+ ]j increase in all neurons without 
affecting NMDA receptor-mediated Ca 2+ response (Fig- 
ure 3E, n = 8). Patch-clamp recordings demonstrated 
lack of acid-activated currents at pH 6.0 in 52 out of 52 
of the ASIC1 ~'~ neurons, consistent with absence of 
ASICIa subunits. Lowering pH to 5.0 or 4.0, however, 
activated detectable current in 24 out of 52 ASIC1 _/ ~ 
neurons, indicating the presence of ASIC2a subunits in 
these neurons (Figure 3F). Further electrophysiological 
studies demonstrated that ASIC1 w ~ neurons have nor- 
mal responses for various voltage-gated channels and 
NMDA, GABA receptor-gated channels (data not shown). 

ASIC Blockade Protects against Acidosis-lnduced, 
Glutamate-lndependent Neuronal Injury 
Acid-induced injury was studied on neurons grown on 
24-well plates incubated in either pH 7.4 or 6.0 ECF 



containing MK801, CNQX, and nimodipine. Cell injury 
was assayed by the measurement of lactate dehydroge- 
nase (LDH) release (Koh and Choi, 1987) at various time 
points (Figures 4A and 4B) and by fluorescent staining 
of alive/dead cells (Figure 4C). Compared to neurons 
treated at pH 7.4, 1 hr acid incubation (pH 6.0) induced 
a time-dependent increase in LDH release (Figure 4A). 
After 24 hr, 45.7% ± 5.4% of maximal LDH release was 
induced (n = 25 wells). Continuous treatment at pH 6.0 
induced greater cell injury (Figure 4B, n = 20). Consistent 
with the LDH assay, alive/dead staining with fluorescein 
diacetate (FDA, blue) and propidium iodide (PI, red) 
showed similar increases in cell death by 1 hr acid treat- 
ment (Figure 4C, and Supplemental Figure S3 on the 
Cell web site). One hour incubation with pH 6.5 ECF also 
induced significant but less LDH release than with pH 
6.0 ECF (n = 8 wells, data not shown). 

To determine whether activation of ASICs is involved 
in acid-induced glutamate receptor-independent neu- 
ronal injury, we tested the effect of amiloride and PcTX 
venom on acid-induced LDH release. Addition of either 
100 amiloride or 100 ng/ml PcTX venom 10 min 
before and during the 1 hr acid incubation significantly 
reduced LDH release (Figure 4D). At 24 hr, LDH release 
was decreased from 45.3% ± 3.8% to 31.1% ± 2.5% 
by amiloride and to 27.9% ± 2.6% by PcTX venom (n = 
20-27, p < 0.01). Addition of amiloride or Pc7X venom 
in pH 7.4 ECF for 1 hr did not affect baseline LDH release, 
although prolonged incubation (e.g., 5 hr) with amiloride 
alone increased LDH release (n = 8, data not shown). 

Activation of Homomeric ASICIa Is Responsible 
for Acidosis-lnduced Injury 

To determine whether Ca 2+ entry plays a role in acid- 
induced injury, we treated neurons with pH 6.0 ECF in 
the presence of normal or reduced [Ca 2+ ] e . Reducing 
Ca 2+ from 1.3 to 0.2 mM inhibited acid-induced LDH 
release (from 40.0% ± 4.1 % to 21.9% ± 2.5%), as did 
ASICIa blockade with PcTX venom (n = 11-12, p < 
0.01 ; Figure 5 A). Ca 2+ -free solution was not tested, as 
a complete removal of [Ca 2+ ] e activates large inward 
currents through a Ca 2+ -sensing cation channel, which 
may otherwise complicate data interpretation (Xiong et 
al., 1997). Inhibition of acid injury by both amiloride and 
PcTX, nonspecific and specific ASICIa blockers, and 
by reducing [Ca 2+ ] a strongly suggests that activation 
of Ca 2+ -permeable ASICIa is involved in acid-induced 
neuronal injury. 

To provide additional evidence that activation of ASIC1 a 
is involved in acid injury, we studied acid injury of non- 
transfected and ASIC1 a transfected COS-7 cells, a cell 
line commonly used for expression of ASICs due to its 
lack of endogenous channels (Chen et al., 1998; Immke 
and McCleskey, 2001 ; Escoubas et al., 2000). Following 
confluence (36-48 hr after plating), cells were treated 
with either pH 7.4 or 6.0 ECF for 1 hr. LDH release 
was measured 24 hr after acid incubation. Treatment of 
nontransfected COS-7 cells with pH 6.0 ECF did not 
induce increased LDH release when compared with pH 
7.4-treated cells (10.3% ± 0.8% for pH 7.4, and 9.4% ± 
0.7% for pH 6.0, n = 19 and 20 wells; p > 0.05, Figure 
5B). However, in COS-7 cells stably transfected with 
ASICIa, 1 hr incubation at pH 6.0 significantly increased 
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Figure 3. ASICs in Cortical Neurons Are Ca 2+ Permeable, and Ca 2+ Permeability Is ASICIa Dependent 

(A) With Na'-free ECF containing 10 mM Ca 21 as the only charge carrier, inward currents were recorded at pH 6.0. The average reversal 
potential is ~-17 mV after correction of liquid junction potential (n = 5). 

(B) Representative traces and summary data showing blockade of Ca 2+ -mediated current by amiloride and PcTX venom. The peak amplitude 
of Ca 2+ -mediated current decreased to 26% ± 2% of control value by 100 |iM amiloride (n = 6, p < 0.01) and to 22% ± 0.9% by 100 ng/ml 
PcTX venom (n = 5, p < 0,01). 

(C) Representative images and 340/380 ratios showing increase of [Ca 2+ ], by pH drop to 6.0. Neurons were bathed in normal ECF containing 
1.3 mM CaCI 2 with blockers for voltage-gated Ca 2+ channels (5 fiM nimodipine and 1 m-M u-conotoxin MVIIC) and glut am ate receptors (10 
H-M MK801 and 20 p.M CNQX). (Inset) Inhibition of acid-induced increase of [Ca 2+ ]j by 100 m-M amiloride. 

(D) Summary data showing inhibition of acid-induced increase of [Ca 2+ ]i by amiloride and PcTX venom, n = 6-8, **p < 0.01 compared with 
pH 6.0 group. 

(E) Representative image and 340/380 ratio demonstrating lack of acid-induced increase of [Ca 2+ ] f in AS1C1 _/ ~ neurons; neurons had a normal 
response to NMDA (n = 8). 

(F) Representative traces showing lack of acid- activated current at pH 6.0 in ASIC1 " /_ neurons. 



Cell 
692 



1 hr, pH 6.0 




2 ft 3 h 

FDA(Live) 



6 h 24 h 
Pi (Dead) 




B 



X 
Q 

i 

1 



S 
1 



I 



1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

0.5 
0.4 
0.3 
0.2 
0.1 
0.0 



Continuous, pH 6.0 

— PH7.4 
= pH 6.0 




2h 3h 6h 24 h 



1hr,pH6.0 

□ pH6 i 
s Amlloride 
m PcTX venom 




2h 3h 6h 24 h 



Figure 4. Acid Incubation Induces Glutamate Receptor-Independent Neuronal Injury Protected by ASIC Blockade 

Time-dependent LDH release induced by 1 hr (A) or 24 hr incubation (B) of cortical neurons in pH 7.4 (solid bars) or 6.0 ECF (open bars), n - 
20-25 wells, *p < 0.05, and "p < 0.01 ? compared to pH 7.4 group at same time points. (C) Analysis of acid-induced neuronal injury with 
fluorescein diacetate (FDA) staining of cell bodies of alive neurons and propidium iodide (PI) staining of nuclei of dead neurons. (D) Inhibition 
of acid-induced LDH release by 100 p,M amiloride or 100 ng/ml PcTX venom (n = 20-27, *p < 0.05, and **p < 0.01). MK801, CNQX, and 
nimodipine were present in ECF for all experiments (A-D). 



LDH release from 1 5.5% ± 2.4% to 24.0% ± 2.9% {n = 8 
wells, p < 0.05). Addition of amiloride (100 u.M) inhibited 
acid-induced LDH release in these cells (Figure 5B). 

We also studied acid injury of CHO cells transiently 
transfected with cDNAs encoding GFP alone or GFP 
plus ASIC1 a. After the transfection (24-36 hr), cells were 
incubated with acidic solution (pH 6.0) for 1 hr, and cell 
injury was assayed 24 hr following the acid incubation. 
As shown in Supplemental Figure S4, 1 hr acid incuba- 
tion largely reduced surviving GFP-positive cells in GFP/ 
ASIC1 a group but not in the group transfected with GFP 
alone (n = 3 dishes in each group). 

To further demonstrate an involvement of ASIC1 a in 
acidosis-induced neuronal injury, we performed cell tox- 
icity experiments on cortical neurons cultured from 
ASIC +/+ and ASIC1 _/ ~ mice (Wemmie et al., 2002). Again, 
1 hr acid incubation of ASIC +/+ neurons at 6.0 induced 
substantial LDH release that was reduced by amiloride 
and PcTX venom (n = 8-1 2). One hour acid treatment 
of ASIC1 ~'~ neurons, however, did not induce significant 
increase in LDH release at 24 hr (13.8% ± 0.9% for pH 
7.4 and 14.2% ± 1.3% for pH 6.0, n = 8, p > 0.05), 
indicating resistance of these neurons to acid injury (Fig- 
ure 5C). In addition, knockout of the ASIC1 gene also 
eliminated the effect of amiloride and PcTX venom on 
acid-induced LDH release (Figure 5C, n = 8 each), fur- 
ther suggesting that the inhibition of acid-induced injury 
of cortical neurons by amiloride and PcTX venom (Figure 



4D) was due to blockade of ASIC1 subunits. In contrast 
to acid incubation, 1 hr treatment of ASIC1 ~'~ neurons 
with 1 mM NMD A + 10 jxM glycine (in Mg 2+ -free [pH 
7.4] ECF) induced 84.8% ± 1 .4% of maximal LDH release 
at 24 hr (n = 4, Figure 5C), indicating normal response 
to other cell injury processes. 

Modeled Ischemia Enhances Acidosis-induced 
Glutamate-lndependent Neuronal Injury via ASICs 

As the magnitude of ASIC currents is potentiated by 
cellular and neurochemical components of brain isch- 
emia—cell swelling, arachidonic acid, and lactate (Allen 
and Attwell, 2002; Immke and McCleskey, 2001)— and, 
more importantly, the desensitization of ASIC currents 
is dramatically reduced by modeled ischemia (see Fig- 
ures 2A and 2C), we expected that activation of ASICs 
in ischemic conditions should produce greater neuronal 
injury. To test this hypothesis, we subjected neurons to 
1 hr acid treatment under oxygen and glucose depriva- 
tion (OGD). MK801 , CNQX, and nimodipine were added 
to all solutions to inhibit voltage-gated Ca 2+ channels 
and glutamate receptor-mediated cell injury associated 
with OGD (Kaku et al., 1991). One hour incubation with 
pH 7.4 ECF under OGD conditions induced only 27.1 % ± 
3.5% of maximal LDH release at 24 hr (n = 5, Figure 
5D). This finding is in agreement with a previous report 
that 1 hr OGD does not induce substantial cell injury 
with the blockade of glutamate receptors and voltage- 



Acid-Sensing Channel in Ischemic Brain Injury 
693 



A a pH 7.4, 1.3 Ca* B 

eza pH 7.4, 0.2 Ca" 




1.0 
0.8 
0.6 
0.4 



pH 7.4 
pH 6.0 

pH 6.0 ♦ amlloride 
pH 6.0 ♦ PcTX venom 
NMDA + glycine 




1.0 
0.8 
0.6 
0.4 
0.2 
0.0 



Oxygen glucose deprivation 

MK801 + CNQX + Nlmodlpine 



m 




I PH7.4 
I pH6.0 

I pH 6.0* PcTXvnom 
| pH 6.0 ♦ L-NAME 
I PHM + trota* 



ASIC1 



Asicr 




Asicr 



Figure 5. involvement of ASIC1 a in Acid-Induced Injury In Vitro 

(A) Inhibition of acid-induced LDH release by reducing [Ca 2l ] t (n = 11-12, **p < 0.01 compared with pH 6.0, 1.3 Ca 2 '). 

(B) Acid incubation induced increase of LDH release in ASIC1 a-transfected but not nontransfected COS-7 cells (n = 8-20). Amiloride (1 00 
M.M) inhibited acid-induced LDH release in ASIC1 a-transfected cells. *p < 0.05 for 7.4 versus 6.0 and 6.0 versus 6.0 + amiloride. 

(C) Lack of acid-induced injury and protection by amiloride and PcTX venom in ASIC1 ~'~ neurons (n = 8 in each group, p > 0.05). 

(D) Acid-induced increase of LDH release in cultured cortical neurons under OGD (n = 5). LDH release induced by combined 1 hr OGD/ 
acidosis was not inhibited by trolox and L-NAME (n = 8-1 1 ). OGD did not potentiate acid-induced LDH release in ASIC1 ~'~ neurons. **p < 
0.01 for pH 7.4 versus pH 6.0 and *p < 0.05 for pH 6.0 versus 6.0 + PcTX venom. MK801 , CNQX, and nimodipine were present in ECF for all 
experiments (A-D). 



gated Ca 2+ channels (Aarts et al., 2003). However, 1 hr 
OGD, combined with acidosis (pH 6.0), induced 73.9% ± 
4.3% of maximal LDH release (n = 5, Figure 5D, p < 
6.01), significantly larger than acid-induced LDH release 
in the absence of OGD (see Figure 4A, p < 0.05). Addi- 
tion of the ASICIa blocker PcTX venom (100 ng/ml) 
significantly reduced acid/OGD-induced LDH release to 
44.3% ± 5.3% (n = 5, p < 0.05, Figure 5D). 

We also performed the same experiment with cultured 
neurons from the ASIC1 mice. Unlike in ASIC1 con- 
taining neurons, however, 1 hr treatment with combined 
OGD and acid only slightly increased LDH release in 
ASIC1 neurons (from 26.1 % ± 2.7% to 30.4% ± 3.5%, 
n = 1 0-1 2, Figure 5D). This finding suggests that potenti- 
ation of acid-induced injury by OGD is largely due to 
OGD potentiation of ASIC1 -mediated toxicity. 

Aarts et al. (2003) have recently studied ischemia 
molded by prolonged OGD (2 hr) but without acidosis. 
In this model system, they demonstrated activation of 
a Ca 2+ -permeable nonselective cation conductance ac- 
tivated by reactive oxygen/nitrogen species resulting 
in glutamate receptor-independent neuronal injury. The 
prolonged OGD-induced cell injury modeled by Aarts et 
al. is dramatically reduced by agents either scavenging 
free radicals directly (e.g., trolox) or reducing the pro- 
duction of free radicals (e.g., L-NAME) (Aarts et al., 



2003). To determine whether combined short duration 
OGD and acidosis induced neuronal injury involves a 
similar mechanism, we tested the effect of trolox and 
L-NAME on OGD/acid-induced LDH release. As shown 
in Figure 5D, neither trolox (500 *iM) nor L-NAME (300 
txM) had significant effect on combined 1 hr OGD/acido- 
sis-induced neuronal injury (n = 8-1 1 ). Additional experi- 
ments demonstrated that the ASIC blockers amiloride 
and PcTX venom had no effect on the conductance of 
TRPM7 channels reported to be responsible for pro- 
longed OGD-induced neuronal injury by Aarts et al. 
(2003) (Supplemental Figure S5). Together, these find- 
ings strongly suggest that activation of ASICs but not 
TRPM7 channels is largely responsible for combined 
1 hr OGD/acidosis-induced neuronal injury in our studies. 

Activation of ASICIa in Ischemic 
Brain Injury In Vivo 

To provide evidence that activation of ASIC1 a is involved 
in ischemic brain injury in vivo, we first tested the protec- 
tive effect of amiloride and Pc7X venom in a rat model 
of transient focal ischemia (Longa et al., 1 989). Ischemia 
(100 min) was induced by transient middle cerebral ar- 
tery occlusion (MCAO). A total of 6 uJ artificial CSF 
(aCSF) alone, aCSF-containing amiloride (1 mM), or 
PcTX venom (500 ng/ml) was injected intracerebroven- 
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Figure 6. Neuroprotection by ASIC1 Blockade and ASIC1 Gene Knockout in Brain Ischemia In Vivo 

(A) TTC-stained brain sections show infarct area (image) and volume (bar graph) in brains from aCSF (n = 7), amiloride (n =11), or PcTX 
venom (n = 5) injected rats. *p < 0.05 and **p < 0.01 compared with aCSF injected group. 

(B) Reduction in infarct volume in brains from ASIC1 _/_ mice (n = 6 for each group). *p < 0.05 and **p < 0.01 compared with +/+ group. 

(C) Reduction in infarct volume in brains from mice i.p. injected with 10 mg/kg memantine (Mem) or i.p. injection of memantine accompanied 
by i.c.v. injection of PcTX venom (500 ng/ml). **p < 0.01 compared with aCSF injection and between memantine and memantine plus PcTX 
venom (n = 5 in each group). 

(D) Reduction in infarct volume in brains from either ASIC1 +/+ (wt) or ASIC1 ~'~ mice i.p. injected with memantine (n = 5 in each group). *p < 
0.05, and **p<0.01. 



triculariy 30 min before and after the ischemia. Based 
on the study by Westergaard (1969), the volume for 
cerebral ventricular and spinal cord fluid for 4-week-old 
rats is estimated to be ~60 uJ. Assuming that the infused 
amiloride and PcTX were uniformly distributed in the 
CSF, we would expect a concentration of ~1 00 u-M for 
amiloride and ~50 ng/ml for PcTX, which is a concentra- 
tion found effective in our cell culture experiments. In- 
farct volume was determined by TTC staining (Bederson 
et al., 1986) at 24 hr following ischemia. Ischemia (100 
min) produced an infarct volume of 329.5 ± 25.6 mm 3 
in aCSF-injected rats (n = 7) but only 229.7 ± 41 .1 mm 3 
in amiloride-injected (n = 1 1 , p < 0.05) and 130.4 ± 55.0 
mm 3 (~60% reduction) in PcTX venom-injected rats (n = 
5, p < 0.01) (Figure 6A). 



We next used ASIC1 -/ ~ mice to further demonstrate 
the involvement of ASICIa in ischemic brain injury 
in vivo. Male ASIC1 +/+ , ASIC1 +/ ", and ASIC1"'- mice 
(~25 g, with congenic C57BI6 background) were sub- 
jected to 60 min MCAO as previously described (Sten- 
zel-Poore et al., 2003). Consistent with the protection 
by pharmacological blockade of ASICIa (above), -/- 
mice displayed significantly smaller (~61 % reduction) 
infarct volumes (32.9 ± 4.7 mm 3 , n = 6) as compared 
to +/+ mice (84.6 ± 10.6 mm 3 , n = 6, p < 0,01). +/- 
mice also showed reduced infarct volume (56.9 ±6.7 
mm 3 , n = 6, p < 0.05) (Figure 6B). 

We then determined whether blockade of ASICIa 
channels or knockout of the ASIC1 gene could provide 
additional protection in vivo in the setting of glutamate 
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receptor blockade. We selected the uncompetitive 
NMDA receptor antagonist memantine, as it has been 
recently used in successful clinical trials (Tariot et at., 
2004). Memantine {1 0 mg/kg) was injected intraperitone- 
ally (i.p.) into C57BI6 mice immediately following 60 min 
MCAO and accompanied by intracerebroventricular in- 
jection (i.c.v.) of a total volume of 0.4 uJ aCSF alone or 
aCSF containing PcTX venom (500 ng/ml) 1 5 min before 
and following ischemia. In control mice with i.p. injection 
of saline and i.c.v. injection of aCSF, 60 min MCAO 
induced an infarct volume of 123.6 ± 5.3 mm 3 (n = 5, 
Figure 6C). In mice with i.p. injection of memantine and 
i.c.v. injection of aCSF, the same duration of ischemia 
induced an infarct volume of 73.8 ± 6.9 mm 3 (n = 5, p < 

0. 01). However, in mice injected with memantine and 
PcTX venom, an infarct volume of only 47.0 ±1.1 mm 3 
was induced (n = 5, p < 0.01 compared with both control 
and memantine groups, Figure 6C). These data strongly 
suggest that blockade of homomeric ASIC1 a can pro- 
vide additional protection in in vivo ischemia in the set- 
ting of NMDA receptor blockade. Additional protection 
was also observed in ASIC1 ~'~ mice treated with phar- 
macologic NMDA blockade (Figure 6D). In ASIC +/+ mice 

1. p. injected with saline or 10 mg/kg memantine, 60 min 
MCAO induced an infarct volume of 101.4 ± 9.4 mm 3 
or 61 .6 ± 1 2.7 mm 3 , respectively (n = 5 in each group, 
Figure 6D). However, in ASIC1~'~ mice injected with 
memantine, the same ischemia duration induced an in- 
farct volume of 27.7 ±1.6 mm 3 (n = 5), significantly 
smaller than the infarct volume in ASIC1 +/+ mice injected 
with memantine (p < 0.05). 

Discussion 

Despite enormous recent progress defining cellular and 
molecular responses of the brain to ischemia, there is 
ho effective treatment for stroke patients. Most notable 
are the failures of multi center clinical trials of glutamate 
antagonists (Lee et at., 1999; Wahlgren and Ahmed, 
2004). Here we demonstrate a new mechanism of isch- 
emic brain injury and the role of ischemic acidosis in 
this biology. We show that ischemic injury in the setting 
of acidosis occurs via activation of Ca 2+ -permeable 
ASICs, a newly described class of ligand-gated channels 
(Waldmann et al., 1997a; Waldmann and Lazdunski, 
1998). This Ca 2+ toxicity is independent of glutamate 
receptors or voltage-gated Ca 2+ channels. 

Using whole-cell patch-clamp recording in mixed 
cortical cultures, we demonstrate activation of ASIC cur- 
rents in the range of pH e that occurs commonly in isch- 
emia. With Fura-2 fluorescent imaging and ion substitu- 
tion protocols, we show ASICs flux Ca 2+ in cortical 
neurons and do so in the presence of NMDA, AM PA, 
and voltage-gated Ca 2+ channel blockade. Using in vitro 
cell toxicity models, we demonstrate that acidosis in- 
duces glutamate-independent neuronal injury, which is 
reduced by both nonspecific and specific ASIC1 a antag- 
onists, and by lowering [Ca 2+ ] e . In addition, we show that 
neurons and COS-7 cells lacking ASIC1 a are resistant to 
acid injury, while transfection of COS-7 cells with Ca 2+ - 
permeable ASICIa results in acid sensitivity. Using 
in vivo focal ischemia models, we demonstrate that phar- 
macologic blockade of ASIC1 a channels and ASIC1 a gene 
knockout both protected the brain from ischemic injury 
and do so in the presence of NMDA blockade. 



Local [H + ] is the agonist for ASICs functioning during 
normal synaptic transmission in the brain (Wemmie et 
al., 2002). This signaling is not injurious. However, ASICs 
respond also to the global, marked pH declines oc- 
curring in the ischemic brain. Within 1 min of global 
ischemia, pH e falls from 7.2 to 6.5 (Simon et al., 1985), 
a level sufficient to activate ASICIa channels, which 
have a pH 05 at 6.2. Remarkably, ischemia itself, modeled 
in vitro, markedly enhances the magnitude of ASIC re- 
sponse at a given level of acidosis, thus potentiating 
toxic Ca 2+ loading in ischemic neurons. Furthermore, 
ischemia dramatically reduces desensitization of ASIC 
currents, signifying a possibility of long-lasting activity 
of ASICs during prolonged ischemic acidosis in vivo. 

It has been shown in intact animals that brief global 
reductions of brain pH to 6.5 alone do not produce 
brain injury (Litt et al., 1 985), nor does hypoxia alone 
(Miyamoto and Auer, 2000; Pearigen et al., 1996). How- 
ever, our in vitro data suggest that the combination of 
ischemia (hypoxia) with acidosis (ischemic acidosis), as 
occurs in vivo, may cause marked brain injury through 
ischemia enhancing the toxic effect of ASIC1 a channels. 
This argument is strongly supported by the finding that 
both ASIC1 a blockade and ASIC1 a gene knockout pro- 
duce substantial (~60%) reduction in infarct volume. 

Acidosis, apart from affecting ischemic brain injury 
via ASICs, affects the function of other channels as well. 
Particularly pertinent in ischemia is the acid blockade 
of the NMDA channels (Tang et al., 1990; Traynelis and 
Cull-Candy, 1990), which is protective against in vitro 
ischemic neuronal injury (Kaku et al., 1993; Giffard et 
al., 1990). This NMDA blockade in the ischemic brain 
by acidosis might in part explain the failure of NMDA 
antagonists in human stroke trials. Treatment of stroke 
with ASIC1 a blockade could be particularly effective, as 
ischemic acidosis is serving as an additional therapy by 
blocking NMDA function. 

As our in vitro studies showing a protective effect of 
ASICIa blockade were performed in the presence of 
antagonists of NMDA, AM PA, and voltage-gated Ca 2+ 
channels, the findings reported here may offer a new 
and robust neuroprotective strategy for stroke, either 
alone or in combination with other therapies (MacGregor 
et al., 2003). Further, we demonstrate in vivo that phar- 
macologic ASICIa blockade or ASICIa gene deletion 
offer more potent neuroprotection against stroke than 
NMDA antagonism. 

Together, our studies suggest that activation of Ca 2+ - 
permeable ASICIa is a novel, glutamate-independent 
biological mechanism underlying ischemic brain injury. 
As the regulation of other potentially protective ASIC 
subunits also occurs in the ischemic brain (Johnson et 
al., 2001), these findings may help the design of rtovel 
therapeutic neuroprotective strategies for brain ischemia. 

Experimental Procedures 
Neuronal Culture 

Following anesthesia with halothane, cerebral cortices were dis- 
sected from E1 6 Swiss mice or P1 ASIC1 +/+ and ASIC1 -/_ mice and 
incubated with 0.05% trypsin-EDTAfor 10 min at 37"C. Tissues were 
then triturated with fire-polished glass pipettes and plated on poty- 
L-omithine-coated 24-well plates or 25 x 25 mm glass coverslips 
at a density of 2.5 x 10 s cells per well or 10 s cells per coverslip. 
Neurons were cultured with MEM supplemented with 10% horse 
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serum (for E16 cultures) or Neurobasal medium supplemented with 
B27 (for P1 cultures) and used for electrophysiology and toxicity 
studies after 12 days. Glial growth was suppressed by addition 
of 5-fluoro-2-deoxyuridine and uridine, yielding cultured cells with 
~90% neurons as determined by NeuN and GFAP staining (data 
not shown). 

Electrophysiology 

ASIC currents were recorded with whole-cell patch-clamp and fast- 
perfusion techniques. The normal extracellular solution (ECF) con- 
tained (in rriM) 140 NaCI, 5.4 KCI, 25 HEPES, 20 glucose, 1.3 CaCI 2 , 
1 .0 MgCI 2 , 0.0005 TTX (pH 7.4), 320-335 mOsm. For low pH solutions, 
various amounts of HCI were added. For solutions with pH < 6.0, 
MES instead of HEPES was used for more reliable pH buffering. 
Patch electrodes contained (in mM) 140 CsF, 2.0 MgCI 2 , 1.0 CaCI 2l 
10 HEPES, 11 EGTA, 4 MgATP {pH 7.3), 300 mOsm. The Na + -free 
solution consisted of 10 mM CaCI 2 , 25 mM HEPES with equiosmotic 
NMDG or sucrose substituting for NaCI (Chu et al., 2002). A multibar- 
rel perfusion system (SF-77B, Warner Instrument Co.) was employed 
for rapid exchange of solutions. 

Cell Injury Assay— LDH Measurement 

Cells were washed three times with ECF and randomly divided into 
treatment groups. MK801 (10 jtM), CNQX (20 ^M), and nrmodipine 
(5 m-M) were added in all groups to eliminate potential secondary 
activation of glutamate receptors and voltage-gated Ca 2+ channels. 
Following acid incubation, neurons were washed and incubated in 
Neurobasal medium at 37 °C. LDH release was measured in culture 
medium using the LDH assay kit (Roche Molecular Biochemicals). 
Medium (1 00 m-0 was transferred from culture wells to 96-well plates 
and mixed with 1 00 jxl reaction solution provided by the kit. Optical 
density was measured at 492 nm 30 min later, utilizing a micro plate 
reader (Spectra Max Plus, Molecular Devices). Background ab- 
sorbance at 620 was subtracted. The maximal re leas able LDH was 
obtained in each well by 15 min incubation with 1 % Triton X-100 at 
the end of each experiment. 

Ca 2+ Imaging 

Cortical neurons grown on 25 x 25 mm glass coverslips were 
washed three times with ECF and incubated with 5 (jlM fura-2-ace- 
toxymethyl ester for 40 min at 22°C, washed three times, and incu- 
bated in normal ECF for 30 min. Coverslips were transferred to a 
perfusion chamber on an inverted microscope (Nikon TE300). Cells 
were illuminated using a xenon lamp and observed with a 40 x UV 
fluor oil-immersion objective lens, and video images were obtained 
using a cooled CCD camera (Sensys KAF 1401 , Photometries). Digi- 
tized images were acquired and analyzed in a PC controlled by 
Axon Imaging Workbench software (Axon Instruments). The shutter 
and filter wheel (Lambda 10-2) were controlled by the software to 
allow timed illumination of cells at 340 or 380 nm excitation wave- 
lengths. Fura-2 fluorescence was detected at emission wavelength 
of 510 nm. Ratio images (340/380) were analyzed by averaging pixel 
ratio values in circumscribed regions of cells in the field of view. 
The values were exported to SigmaPlot for further analysis. 

Fluorescein-Diacetate Staining and Propidium Iodide Uptake 
Cells were incubated in ECF containing fluorescein-diacetate (FDA) 
(5 and propidium iodide (PI) (2 *jlM) for 30 min followed by wash 
with dye-free ECF. Alive (FDA- positive) and dead (Pl-posrtive) cells 
were viewed and counted on a microscope (Zeiss) equipped with 
epifluorescence at 580/630 nm excitation/emission for PI and 500/ 
550 nm for FDA. Images were collected using an Optronics DEI-730 
camera equipped with a BQ 8000 sVGA frame grabber and analyzed 
using computer software (Bioquant, TN). 

Transfection of COS -7 Cells 

COS-7 cells were cultured in MEM with 10% HS and 1 % PenStrep 
(GIBCO). At ~50% confluence, cells were cotransfected with cDNAs 
for ASICs and GFP in pc DNA3 vector using FuGENE6 transfection 
reagents (Roche Molecular Biochemicals). DNA for ASICs (0.75 ^g) 
and 0.25 p.g of DNA for GFP were used for each 35 mm dish. GFP- 
positive cells were selected for patch-clamp recording 48 hr after 
transfection. For stable transfection of ASIC1 a, 500 p-g/ml G418 was 



added to culture medium 1 week following the transfection. The 
surviving G41 8-resistant cells were further plated and passed for >5 
passages in the presence of G41 8. Cells were then checked with 
patch-clamp and immunofluorescent staining for the expression 
of ASICIa. 

Oxygen-Glucose Deprivation 

Neurons were washed three times and incubated with glucose-free 
ECF at pH 7.4 or 6.0 in an anaerobic chamber (Model 1025, Forma 
Scientific) with an atmosphere of 85% N 2 , 10% H 2 , and 5% C0 2 at 
35°C. Oxygen -glucose deprivation (OGD) was terminated after 1 hr 
by replacing the glucose-free ECF with Neurobasal medium and 
incubating the cultures in a normal cell culture incubator. With 
HEPES-buffered ECF used, 1 hr OGD slightly reduced pH from 7.38 
to 7.28 (n = 3) and from 6.0 to 5.96 (n - 4). 

Focal Ischemia 

Transient focal ischemia was induced by suture occlusion of the 
middle cerebral artery (MCAO) in male rats (SD, 250-300 g) and 
mice (with congenic C57BI6 background, ~25 g) anesthetized using 
1,5% isoflurane, 70% N 2 0, and 28.5% 0 2 with intubation and ventila- 
tion. Rectal and temporalis muscle temperature was maintained at 
37°C ± 0.5°C with a thermostatically controlled heating pad and 
lamp. Cerebral blood flow was monitored by transcranial LASER 
doppler. Animals with blood flow not reduced below 20% were ex- 
cluded. 

Animals were killed with chloral hydrate 24 hr after ischemia. 
Brains were rapidly removed, sectioned coronally at 1 mm (mice) 
or 2 mm (rats) intervals, and stained by immersion in vital dye (2%) 
2,3,5-triphenyltetrazolium hydrochloride (TTC). Infarction area was 
calculated by subtracting the normal area stained with TTC in the 
ischemic hemisphere from the area of the nonischemic hemisphere. 
Infarct volume was calculated by summing infarction areas of all 
sections and multiplying by slice thickness. Rat intraventricular in- 
jection was performed by stereotaxic technique using a microsyr- 
inge pump with cannula inserted stereotactically at 0.8 mm posterior 
to bregma, 1 .5 mm lateral to midline, and 3.8 mm ventral to the 
dura. All manipulations and analyses were performed by individuals 
blinded to treatment groups. 
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Spider venom helps researchers elucidate role of acidosis in stroke 



The roles of NMDA receptors and 
calcium-ion influx in stroke are well 
established, but researchers have now 
discovered a new link between acid- 
sensitive ion channels (ASICs) and 
ischaemia-induced brain injury. ASICs, 
like NMDA receptors, have been 
implicated in neuronal plasticity. 

"Our findings that the ASIC la 
blockers and gene knockout can 
dramatically reduce the amount of 
brain injury suggest that targeting these 
channels may prove to be an effective 
stroke therapy", says lead author 
Zhigang Xiong (Robert S Dow 
Neurobiology Laboratories, Portland, 
OR, USA). Rona Giffard (Stanford 
University, CA, USA) comments "This 
report is the first to demonstrate the 
possibility that calcium influx via ASIC 
channels can contribute to neuronal 
ischaemic death". 

Xiong and co-workers studied the 
role of ASICs in vitro and in animal 
models. The researchers found that 
acidosis activates ASICs in vitro, 
causing an influx of calcium ions into 
neurons. This influx of calcium could 
be blocked by amiloride, a non-specific 



ASIC blocker, and by PcTX venom 
(from the tarantula Psalmopoeus 
Cambridge!) t a blocker specific to the 
ASIC la subunit. Xiong's team also 
report that oxygen glucose deprivation 




Psalmopoeus cambridgei 

increases ASIC currents in neurons and 
enhances acidosis-induced neuronal 
injury. This response was absent in 
transgenic mice lacking ASIC la. 

The researchers went on to 
investigate the effects of amiloride and 
PcTX in a rat model of stroke. Both 
compounds were injected intracerebro- 
ventricularly 30 mins before and after 



ischaemia, and both reduced infarct 
volume. Furthermore, the researchers 
found that infarct volumes were larger 
in wild-type mice compared with trans- 
genic mice lacking the ASIC la subunit. 
Finally, they compared the effects of the 
NMDA antagonist memantine with 
PcTX venom. Interestingly, a combina- 
tion of the two compounds produced 
the largest reduction in infarct volume 
{Cell 2004; 118: 687-98). 

According to John Wood 
(University College London, UK) , these 
results are important for two reasons. 
"Firstly, non-toxic molecules such as 
amiloride can be rapidly assessed for 
their utility as neuroprotectants", says 
Wood. "Second, a possible synergy 
between NMDA blockers and ASIC la 
blockers may be important for the 
development of more effective 
neuroprotective strategies". 

"The identification of a new anti- 
ischaemic target is exciting", says 
Giffard, "but the possibility that it can 
be developed into an efficacious treat- 
ment for stroke at this point must 
remain a hopeful future possibility". 
Rebecca Love 
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CLINICAL IMPLICATIONS OF BASIC RESEARCH 



Limiting Stroke-Induced Damage by Targeting an Acid Channel 

Morris Benveniste, Ph.D., and Raymond Dingledine, Ph.D. 



Why are brain neurons so much more susceptible 
to ischemic injury than, say, muscle or skin tissue? 
A clue is provided by work showing that the activa- 
tion of neuronal acid-sensing ion channel 1 (ASIC1) 
can lead to neuronal death. 1 " 3 A recent study by 
Xiong et al. 3 places this observation in the context 
of stroke by showing that the activation of ASIC1 
during the metabolic acidosis accompanying ex- 
perimental stroke contributes substantially to sub- 
sequent brain injury. 

Excessive loading of calcium into neurons 
through N-methyl-D-aspartate (NMDA) receptors 
and voltage-dependent calcium channels is thought 
to be one of the triggers of neuronal injury after is- 
chemic stroke. ASIC1 contributes to this process 
and is a member of the family of epithelial sodium 
channels located in the brain. Protein subunits (e.g., 
the ASIC1 splice variant ASIC la) assemble as mui- 
timeric complexes to form voltage-insensitive, amil- 
oride-sensitive channels in the surface membrane. 
In contrast to many calcium-permeable neurotrans- 
mitter-receptor channels, such as nicotinic acetyl- 
choline receptors and glutamate receptors, which 
are inhibited as pH falls, acid-sensing ion chan- 
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nels are activated as pH falls. ASICla begins to open 
when the pH falls below approximately 7.0, and 
its activation is half maximal at a pH of 6.2 — 
a pH range that should occur within the penumbra 
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CLINICAL IMPLICATIONS OF BASIC RESEARCH 



and core of an infarct. Moreover, the activation of 
acid-sensing ion channels is promoted by stretch- 
ing of the membrane, the release of arachidonic 
acid, the production of lactate, 1 * 4 or a drop in ex- 
tracellular calcium concentrations 5 — conditions 
that occur within an infarct as cells swell, calcium- 
dependent phospholipases are activated, and calci- 
um influx occurs. 

Xiong et al. 3 used both in vitro and in vivo meth- 
ods to determine whether acidosis or an ischemic 
insult could cause the calcium-dependent death 
of neurons through ASIC1. Using the release of 
lactate dehydrogenase to measure the incidence of 
neuronal death in cortical cultures, they showed 
that the neurotoxic effect of exposure to a medi- 
um with a pH of 6.0 was inhibited by both amilo- 
ride and the ASICla-specific antagonist psalmo- 
toxin 1 (PcTXl), a component of the venom of a 
Trinidad Chevron tarantula. Acid-mediated neuro- 
toxicity was absent in mice deficient in the ASIC1 
gene. Taken together, these results suggest that 
ASIC1 can cause a clinically significant incidence 
of calcium-mediated death of neurons in the pres- 
ence of acidosis in vitro. 

Excess influx of calcium is known to trigger neu- 
ronal degeneration, but whether ASIC1 itself is an 
important portal for the entry of calcium is a mat- 
ter of controversy. We know that acidosis induces 
a cytoplasmic increase in calcium concentrations 
in ASICl-transfected cells. 2 Xiong et al. 3 show that 
brief exposure of cortical neurons to a medium with 
a pH of 6.0 in the presence of a cocktail of glutamate 
and calcium-channel blockers leads to an increase 
in calcium concentrations within the cytoplasm 
that can be blocked by exposure to amiloride or 
PcTXl. The acidosis-triggered increase in calcium 
was absent in neurons isolated from mice that were 
deficient in ASIC1. The authors conclude that cal- 
cium enters directly through the acid-sensing ion 
channels under acidic conditions, although other 
routes of calcium entry are probably also involved. 

Finally, using genetic and pharmacologic strat- 



egies, Xiong et al. 3 showed that ASIC1 mediates 
neuronal death in vivo in a mouse model of stroke 
(Fig. 1). The volume of infarcts caused by transient 
occlusion of the middle cerebral artery could be re- 
duced by intraventricular injections of amiloride or 
PcTXl and was also smaller in mice lacking the 
ASIC1 gene than in wild-type mice. The addition of 
PcTXl or a deficiency of ASIC 1 conferred addition- 
al neuroprotection in mice treated with memantine 
(which blocks the NMDA receptor), suggesting that 
ASIC1 has a direct role in mediating neurotoxicity. 

The report by Xiong et al. 3 points the way to a 
neuroprotective strategy for stroke — namely, to 
develop a small-molecule inhibitor of ASIC1 or its 
components. The current treatment of stroke re- 
lies on the use of thrombolytic agents, which are 
of demonstrable value only if delivered within three 
hours after the onset of stroke. Although potential 
side effects must be considered, a small-molecule 
inhibitor of acid-sensing ion channels could be an 
attractive option, because these channels should be 
relatively quiescent under nonacidotic conditions. 
The context-dependent activation of ASIC1 with 
acidification makes this cation channel a particu- 
larly intriguing target for new stroke therapies. 

Dr. Dingledine reports holding equity in NeurOp. 

From the Department of Physiology and Pharmacology, Sackler 
School of Medicine, Tel Aviv University, Tel Aviv, Israel (M.B.); and 
the Department of Pharmacology, Emory University School of Med- 
icine, Atlanta (M.B., R.D.). 

1. Allen NJ, Attwell D. Modulation of ASIC channels in rat cere- 
bellar Puridnje neurons by ischaemia-related signals. J Physiol 2002; 
543:521-9. 

2. Yermolaieva O, Leonard AS, Schnizler MK, Abboud FM, Welsh 
MJ. Extracellular acidosis increases neuronal cell calcium by activat- 
ing acid-sensing ion channel la. Proc Nad Acad Sci U S A 2004; 101: 
6752-57. 

3. Xiong ZG, Zhu XM, Chu XP, etal. Neuroprotection in ischemia: 
blocking calcium-permeable acid-sensing ion channels. Cell 2004; 
118:687-98.' 

4. Immke DC, McCleskey EW. Lactate enhances the acid-sensing 
Na+ channel on ischemia-sensing neurons. Nat Neurosci 2001 ;4: 
869-70. 

5. Idem. Protons open acid-sensing ion channels by catalyzing re- 
lief of Ca2+ blockade. Neuron 2003;37:75-84. 

Copyright © 2005 Massachusetts Medical Society. 



N ENGL J MED 352;i WWW.NEJM.ORG JANUARY 6, 2005 



Downloaded from www.nejm.org at IN 1ST CNRS DRD on February 7, 2005 . 
Copyright © 2005 Massachusetts Medical Society. All rights reserved. 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ /IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 



□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 
. □ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCED) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




FADED TEXT OR DRAWING 



